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(57) ABSTRACT

An object 1s to provide an electron emission cathode and an
clectron emission source using diamond and having a high
brightness and a small energy width that are suitable for
clectron ray and electron beam devices and vacuum tubes, 1n
particular, electron microscopes and electron beam exposure
devices, and also electronic devices using such cathode and
source. A diamond electron emission cathode according to
the present invention has single crystal diamond 1n at least
part thereol, the diamond electron emission cathode having a
columnar shape formed by a sharpened acute section and a
heating section, being provided with one electron emitting
portion 1n the sharpened acute section, and being constituted
of at least two types of semiconductors that differ 1n electric
properties. One of the types constituting the semiconductors
1s an n-type semiconductor containing n-type impurities at
2x10"> cm” or higher, the other one is a p-type semiconductor
containing p-type impurities at 2x10'> ¢cm™ or higher, the
p-type semiconductor and the n-type semiconductor are
joined together, the heating section 1s energized parallel to the
junction surface and directly heated by a pair of current intro-
ducing terminals, and some of the introduced electrons are
emitted from the electron emitting portion.

30 Claims, 15 Drawing Sheets
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DIAMOND ELECTRON EMISSION
CATHODE, ELECTRON EMISSION SOURCE,
ELECTRON MICROSCOPE, AND ELECTRON

BEAM EXPOSURE DEVICE

RELATED APPLICATIONS

This application 1s the U.S. National Phase under 35 U.S.C.
§371 of International Application No. PCT/IP2006/31262
filed Jun. 19, 2006, which claims the benefit of Japanese
Application Nos. 2005-178163 filed Jun. 17, 2005, 2005-
257452 filed Sep. 6, 2005, and 2005-257791 filed Sep. 6,
2003, the disclosures of which Applications are incorporated
by reference herein.

TECHNICAL FIELD

The present imnvention relates to a diamond electron emis-
s10n cathode and an electron emission source for use 1n elec-
tron ray and electron beam devices such as electron micro-
scopes and electron beam exposure devices and also 1n
vacuum tubes such as traveling wave tubes and microwave
tubes and also to electronic devices using such cathode and
source.

BACKGROUND ART

Because an electron bears a negative charge and has a very
small mass, electron beams 1n which electrons are arranged to
travel 1n one direction have the following special features. (1)
The direction and the degree of convergence can be controlled
by an electric or magnetic field. (2) Energy 1n a wide range
can be obtained by acceleration and deceleration with an
clectric field. (3) Because the wavelength 1s short, the beam
can be converged to a small diameter. Electron microscopes
and electron beam exposure devices employing such special
teatures have been widely used. As cathode materials for such
devices, cheap W filaments or hexaborides, e.g., LaB . which
can produce an electron beam with a high brightness, are
exemplified for thermal electron emission sources. Further,
W with a sharpened tip that uses a tunnel phenomenon based
on a quantum effect and ZrO/W using the Schottky etfect
based on electric filed application have been used as cathodes
with a high brightness and a narrow energy width.

However, although W filaments are inexpensive, a problem
associated therewith 1s that the service life thereof 1is
extremely short (about 100 hours). The resultant problem 1s
that a replacement operation such as opening a vacuum con-
tainer to the atmosphere or adjusting the optical axis of elec-
tron beam when the filament 1s broken has to be frequently
performed. The service life of LaB 1s about 1000 hours and
longer than that of W filaments, but because it 1s used 1n
devices 1n which beams with a comparatively high brightness
are obtained, the replacement operation 1s most often per-
formed by the device manufacturers and the cost thereof 1s
high. A problem associated with ZrO/W that has a compara-
tively long service life (about one year) and W with a sharp-
ened tip that allows a higher brightness to be obtained 1s that
the replacement cost 1s high.

Because electron microscopes are presently required to
enable highly accurate observations of even smaller objects
and because the development of electron beam exposure
devices advanced to a node size of less than 65 nm, the
cathodes with even higher brightness and narrower energy
width are needed.

Diamond 1s a material that meets such expectations. Dia-
mond exists in a state with a negative electron atfinity (NEA)
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or 1n a state with a positive electron affinity (PEA) less than
that of metals with a small work function, as described 1n
Non-Patent Document 1 and Non-Patent Document 2. By
employing such an extremely rare physical property, it 1s
possible to obtain electron emission with a high current den-
sity and to reduce the energy width, without requiring a high
temperature 1n excess of 1000° C. as in W filaments, LaB, or
ZrO/W. Further, because the operation temperature 1s low, a
long service life can be expected. In addition, because there 1s
a microprocessing technology that can produce a tip end
diameter of 10 nm, as described 1n Non-Patent Document 3,
no problems are associated with increase in brightness. Since
diamond has been found to have the atorementioned electron
ailinity, electron sources as described in Non-Patent Docu-
ment 4 and Patent Document 1 have been proposed.
Non-Patent Document 1: F. J. Himpsel et al., Phys. Rev. B.,
Vol. 20, Number 2 (1979), 624-
Non-Patent Document 2: J. Ristein et al., New Diamond and
Frontier Carbon Technology, Vol. 10, No. 6, (2000) 363-
Non-Patent Document 3: Y. Nishibayashi etal., SEI Technical
Review, 57, (2004) 31-
Non-Patent Document 4: W. B. Choi et al., J. Vac. Sci. Tech-
nol. B14 (1996) 20351 -
Patent Document 1: Japanese Patent Publication No.
4-67527A

DISCLOSURE OF THE INVENTION

Problems that the Invention 1s to Solve

However, the following problems are encountered when
clectron sources using diamond are employed 1n electronic
microscopes or electron beam exposure devices that have
become widely spread. Thus, structures in which a plurality
of electron emission points, such as described in Non-Patent
Document 3, are arranged side by side become plane electron
sources and a small-diameter beam 1s difficult to obtain by
converging. Mounting on the device 1s also a difficult task. No
problems are associated with the shape when Mo with a
sharpened tip 1s coated with diamond, as described in Non-
Patent Document 4, but because of a polycrystalline structure
there are differences between individual species and varia-
tions 1n electric characteristics. Because the structure sug-
gested 1n Patent Document 1 1s also a plane electron source, a
converged beam 1s difficult to obtain. Such source 1s also
difficult to mount on the device.

Accordingly, with the foregoing in view, 1t 1s an object of
the present mvention to provide an electron emission cathode
and an electron emission source using diamond and having a
high brightness and a small energy width that are suitable for
clectron ray and electron beam devices and vacuum tubes, 1n
particular, electron microscopes and electron beam exposure
devices, and to an electron microscope and an electron beam
exposure device that use such electron emission cathode and
clectron emission source.

Means for Solving the Problems

In order to resolve the above-described problems, the dia-
mond electron emission cathode in accordance with the
present invention employs the following construction.

A diamond electron emission cathode 1n accordance with
the present invention 1s a diamond electron emission cathode
having single crystal diamond 1n at least part thereof, this
diamond electron emission cathode having a columnar shape
formed by a sharpened acute section and a heating section,
being provided with one electron emitting portion in the
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sharpened acute section, and being constituted of at least two
types of semiconductors that differ in electric properties, one
of the types constituting the semiconductor being an n-type
semiconductor comprising n-type impurities at 2x10™> cm™
or higher, the other one being a p-type semiconductor com-
prising p-type impurities at 2x10"™ cm™ or higher, the p-type
semiconductor and the n-type semiconductor being joined
together, the heating section being energized parallel to the
junction surface and directly heated by a pair of current intro-
ducing terminals, and some of the introduced electrons being
emitted from the electron emitting portion.

Energizing the heating section parallel to the junction sur-
face and directly heating the heating section by a pair of
current introducing terminals means that heating 1s per-
formed at the same electric potential, without application of
bias voltage.

Such diamond electron emission cathode contains almost
no dissimilar materials. Therefore, cathode fracture during
heating and cooling caused by the difference in thermal
expansion coellicients 1s prevented. The term “almost” used
herein indicates the case where the cathode shape of the
diamond electron emission cathode does not depend on any
material other than diamond. Accordingly, this excludes the
case where the cathode shape mainly depends on a material
other than diamond, as in the shape 1in which diamond 1is
coated on Mo having a sharpened tip end, as described 1n
Non-Patent Document 4. Further, because at least part of the
diamond electron emission cathode 1s composed of single
crystal diamond, the doping concentration of n-type impuri-
ties that are necessary to use diamond as a cathode material
can be controlled 1n the process of vapor-phase growing the
diamond, this control being difficult with the polycrystalline
materials. Further, the removal of moisture or the like that has
adhered to the surface of the sharpened acute section, such
operation being necessary for stabilizing the emaission cur-
rent, can be performed 1n an easy manner by heating via the
heating section. In addition, because of a columnar shape
having a sharpened acute section with one electron emitting,
portion, an electron emission cathode with a high brightness
can be fabricated.

The diamond electron emission cathode in accordance
with the present invention 1s composed of semiconductors of
two or more types with different electric properties, wherein
an n-type semiconductor containing n-type impurities at
2x10" ¢cm™ or higher is used as a first semiconductor and a
p-type semiconductor containing p-type impurities at 2x10">
cm™ or higher is used as a second semiconductor. “Different
clectric properties™ as referred to herein means that semicon-
ductors differ i a semiconductor conduction type, speciiic
resistance, elffective work function, electron affinity, or the
like due to a difference in the type or concentration of 1mpu-
rities 1n the diamond. By appropriately combining such prop-
erties, an electron emission cathode with high efficiency can
be realized. The “effective work function” as referred to
herein indicates an activation energy found from the depen-
dence of the electron emission current on temperature. In
order to perform ellicient electron transport from the current
introducing terminal to the electron emitting portion when the
clectron emitting portion 1s composed of the first semicon-
ductor, 1t 1s preferred that an n-type semiconductor containing
n-type impurities at 2x10"> cm™ or higher and having a low
specific resistance be selected as the first semiconductor.
When a semiconductor contains n-type impurities at such a
concentration, electrons located 1n the conduction band of the
diamond are released into vacuum. Therefore, the work func-
tion 1s effectively small and electron emission at a high cur-
rent density can be performed. Alternatively, when the elec-
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tron emitting portion 1s composed of a second semiconductor,
in order to perform highly efficient electron transport from the
first semiconductor to the second semiconductor, it 1s pre-
terred that an n-type semiconductor containing n-type impu-
rities at 2x10'> cm™ or higher and having a low specific
resistance be selected. Further, it 1s preferred that a semicon-
ductor with a low specific resistance that enables the efficient
heating of the first semiconductor or a semiconductor with a
small or negative electron affinity be selected as the second
semiconductor. With diamond, a comparatively shallow
acceptor level of p-type impurities and a low resistance are
casily obtained and a small or negative electron affinity 1s
casily obtained. Therefore, a p-type semiconductor contain-
ing p-type impurities at 2x10'> cm™ or higher is suitable
therefor. Using a semiconductor with a low specific resistance
decreases the specific resistance of the entire electron emis-
sion cathode. Therefore, when the cathode 1s used at the same
temperature as that of the electron emission cathode with a
comparatively high specific resistance, the current for resis-
tance heating can be increased. Therefore, the number of
clectrons reaching the electron emitting portion 1s increased.
As aresult, the electron emission efliciency 1s advantageously
increased. The first semiconductor and second semiconduc-
tor are joined together. By jomning the semiconductors
together, the exchange of heat or electrons can be effectively
performed. As a result, the effect produced by the above-
described combination can be demonstrated to even larger
extent.

Further, the heating section 1s energized almost parallel to
the junction surface and directly heated by a pair of current
introducing terminals. Because direct heating with a pair of
current introducing terminals 1s used, replaceability with the
conventional electron sources such as W filaments, LaB,, or
ZrO/W can be attained, and the electron emission cathode 1n
accordance with the present mvention can be installed 1n
clectronic devices, e.g., in the already existing electron
microscopes and electron beam exposure devices. Further,
because a pair of current introducing terminals that are nec-
essary for electron emission are brought into contact with
both the first semiconductor and the second semiconductor
and the heating section 1s energized almost parallel to the
junction surface, the two semiconductors are almost at the
same electric potential, without the application of a bias volt-
age. Because the semiconductors are at the same electric
potential, annihilation of electrons by electron-hole coupling
caused by an electric field between a pair of current introduc-
ing terminals 1n the zone between the two semiconductors 1s
prevented. Therefore, when the electron emitting portion 1s
composed of the first semiconductor, a highly efficient elec-
tron emission can be realized. On the other hand, because the
portion to be heated 1s heated by a pair of electron introducing
terminals, electrons move from the first semiconductor to the
second semiconductor by diffusion. Therefore, when the
clectron emitting portion 1s composed of the second semicon-
ductor, the electrons that moved to the second semiconductor
by diffusion 1n the vicinity of an acute electron emitting
portion are released into vacuum by themselves. Therefore,
clectron emission at a high current density 1s possible.

In the diamond electron emission cathode 1n accordance
with the present invention, the electron emitting portion may
be an n-type semiconductor. When the electron emitting por-
tion 1s composed ol an n-type semiconductor, that 1s, the first
semiconductor, the electrons supplied from a pair of current
introducing electrodes are transported only by the first semi-
conductor 1 which electrons are the major carrier and
released from the electron emitting portion mto vacuum. In
this case, the second semiconductor 1s used as a resistor for
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resistance heating (1.e., heating by current conduction), the
activation rate of the donors 1n the first semiconductor by heat
1s 1ncreased, and the number of electrons 1n the conduction
band 1s increased, whereby a highly eflicient electron emis-
s10n 1s realized.

Alternatively, 1n the diamond electron emission cathode 1n
accordance with the present invention, the electron emitting
portion may be a p-type semiconductor. When the electron
emitting portion 1s composed of a p-type semiconductor, that
1s, the second semiconductor, the electrons supplied from a
pair of current imntroducing terminals are transported by the
first semiconductor, 1n which electrons are the major carrier,
to the vicinity of the electron emitting portion and move to the
second semiconductor by diffusion. The diffusion 1s mitiated
with good efliciency by heat produced by resistance heating.
By selecting a p-type semiconductor with a small or negative
clectron affinity as the second semiconductor, a highly effi-
cient electron emission 1s realized. In this case, the second
semiconductor 1s used as a resistor for resistance heating and
acts to 1ncrease the activation rate of donors of the first semi-
conductor by heating and increase the number of electrons 1n
the conduction band.

Alternatively, 1n the diamond electron emission cathode 1n
accordance with the present invention, the n-type semicon-
ductor that 1s the first semiconductor and the p-type semicon-
ductor that 1s the second semiconductor may be joined via an
intrinsic semiconductor with a carrier concentration of 1x10”
cm™ or less as a third semiconductor, and some of the elec-
trons introduced from the current introducing terminals may
be emitted from the electron emitting portion composed of
the intrinsic semiconductor that 1s the third semiconductor.
By comparison with the case where the second semiconduc-
tor, that 1s, p-type semiconductor, 1s selected for the electron
emitting portion, the number of electrons annihilated by cou-
pling with holes after diffusion i1s reduced practically to zero.
Theretore, the effect produced by the above-described com-
bination can be demonstrated to a maximum extent and elec-
tron emission with even higher efficiency can be realized.

In the diamond electron emission cathode in accordance
with the present invention, the p-type semiconductor that 1s
the second semiconductor 1s preferably formed from a single
crystal synthesized by vapor phase growth, and the n-type
semiconductor that 1s the first semiconductor and the intrinsic
semiconductor that 1s the third semiconductor are formed
from thin-film crystals synthesized by vapor phase growth.
By comparison with the case where a p-type semiconductor
diamond grown as a single crystal at a high temperature and
under a high pressure 1s used, the vapor-phase grown crystal
has a comparatively small number of impurities introduced in
addition to p-type impurities and a high quality. As a resullt,
the electrons are difficult to trap. Furthermore, because crys-
tallinity of the n-type semiconductor that 1s the first semicon-
ductor and the intrinsic semiconductor that 1s the third semi-
conductor to be vapor phase grown on the single crystal 1s also
improved, the electrons are also difficult to trap in these
semiconductors. As a result, highly efficiency electron emis-
s101m 1s realized.

The diamond electron emission cathode in accordance
with the present invention preferably has a columnar shape
such that the length 1n the short side direction of the entire
diamond including the electron emitting portion 1s 0.05 mm
or more to 2 mm or less and the aspect ratio 1s 1 or more. With
such a shape, the cathode can be easily mounted on an elec-
tron beam device such as electron microscope and electron
beam exposure device. The “length in the short side direc-
tion” as referred to herein indicates a total width of the bottom
section on the side opposite to the electron emitting portion of
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the diamond electron emission cathode. When the diamond
clectron emission cathode 1s a rectangular parallelepiped, this
direction indicates a short side of the total width of the bottom
section. The “aspectratio” as referred to herein 1s a ratio of the
length 1n the longitudinal direction to that 1n the short side
direction, where the length from the tip end of the electron
emitting portion to the bottom section on the opposite side 1s
taken as the longitudinal direction.

In the diamond electron emission cathode 1n accordance
with the present invention, at least one plane of the planes,
which constitute the electron emitting portion as an apex in
the sharpened acute section, 1s preferably formed by a (111)
crystal plane [including off-planes within £7° from the (111)
just plane]. The stable growth plane in the vapor phase growth
1s a (100) plane or (111) plane, and the n-type impurity intake
eificiency of the (111) plane 1n the vapor phase growth pro-
cess 1s 10 or more times that of the (100) plane. It means that
the (111) crystal plane of diamond enables high-concentra-
tion doping with n-type impurities, a metallic conduction can
be easily obtained, and electron emission at a high current
density can be obtained. Therefore, 1n the case where the
clectron emitting portion has a (111) crystal plane, a high-
brightness electron emission cathode can be easily obtained.

In the diamond electron emission cathode 1n accordance
with the present mvention, a surface of the diamond consti-
tuting the electron emitting portion 1s preferably terminated
with hydrogen atoms. By terminating the dangling bonds of
the diamond surface with hydrogen atoms, the electron aflin-
ity 1s reduced. Alternatively, the effective work function 1s
reduced. As a result, highly efficient electron emission 1s
realized. Terminating 50% or more of the dangling bonds of
the diamond surface of the electron emitting portion with
hydrogen atoms 1s especially effective.

In the diamond electron emission cathode 1n accordance
with the present invention, a portion comprising the n-type
semiconductor preferably has a specific resistance of 300
(2cm or less at 300 K (room temperature). In this case, elec-
trons can be efficiently supplied to the portion comprising the
n-type semiconductor. As a result, a high-density electron
emission 1s possible and a high-brightness electron emission
cathode can be obtained. The “specific resistance at room
temperature” as referred to herein indicates a specific resis-
tance 1n the vicinity of the electron emitting portion.

In the diamond electron emission cathode 1n accordance
with the present mvention, a tip end radius or a tip end cur-
vature radius of the tip end portion having the electron emit-
ting portion is preferably 30 um or less. By making the tip end
portion serving as the electron emitting portion 1n such a
small size, an electron emission cathode with a higher bright-
ness can be obtained.

In the diamond electron emission cathode 1n accordance
with the present invention, 1t 1s preferred that the electron
emitting portion have a protruding structure, a tip end diam-
cter of the protrusion be 5 um or less, and an aspect ratio
thereof be 2 or more. When 1n the entire diamond single
crystal serving as an electron emission cathode, only the
clectron emitting portion has such a sharpened acute shape, 1t
1s possible to realize a high-brightness diamond thermal field
emission cathode or diamond field-emission cathode that can
be easily mounted on an electron microscope, electron beam
exposure device, or the like.

In the diamond electron emission cathode 1n accordance
with the present mvention, a temperature during electron
emission 1s preferably 400 K or more to 1200 K or less. With
the temperature within this range during electron emission,
both the electron emission current and the service life can be
improved over those of the conventional electron sources.
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In the diamond electron emission cathode in accordance
with the present invention, an electron beam with an energy
width of 0.6 €V or less may be emitted. A diamond electron
emission cathode with a good electron beam can be provided.

In the diamond electron emission cathode in accordance
with the present invention, the heating section may have a
metal layer. Because the presence of a metal layer decreases
clectric resistance, the source voltage used for heating can be
decreased and the diamond electron emission cathode 1s suit-
able for mounting on electron beam devices such as electron
microscopes and electron beam exposure devices.

As for the metal layer, the shortest distance from the elec-
tron emitting portion to an end portion of the metal layer may
be 500 um or less. Because the transport of electrons to the
clectron emitting portion 1s aided by the metal layer, a larger
number of electrons can be transported to the electron emait-
ting portion. As a result, high-efficiency electron emission 1s
realized. The distance of 100 um or less 1s even more pre-
terred. With such a distance, the improvement of electron
transport efficiency to the electron emitting portion attaimned
by providing a metal coating on the electron emission cathode
1s even more significant.

A diamond electron emission source in accordance with
the present invention 1s a structure for mounting the diamond
clectron emission cathode in accordance with the present
invention on an electron microscope or electron beam expo-
sure device, this structure comprising the diamond electron
emission cathode 1n accordance with the present invention, an
insulating ceramic, and a pair of terminals for supplying an
electric current to the diamond electron emission cathode,
wherein a resistance value between the terminals 1s preferably
1062 or more to 3 k€2 or less. In this case, the diamond electron
emission cathode in accordance with the present invention
can be mounted without special modifications on the power
source system of electron beam devices where the conven-
tional cathode materials have been used.

Alternatively a diamond electron emission source in accor-
dance with the present invention is a structure for mounting
the diamond electron emission cathode in accordance with
the present invention, which has a metal layer or a metal
coating, on an electron microscope or electron beam exposure
device, this structure comprising the diamond electron emis-
sion cathode in accordance with the present invention, an
insulating ceramic, and a pair of terminals for supplying an
electric current to the diamond electron emission cathode,
wherein a resistance value between the terminals 1s preferably
10€2 or more to 70082 or less. In this case, the diamond
clectron emission cathode in accordance with the present
invention can be mounted without special modifications on
the power source system of electron beam devices where the
conventional cathode materials have been used and an elec-
tron emission source can be obtained which has a brightness
higher than that attained with the diamond electron emission
cathode without the metal layer.

Further, a diamond electron emission source 1n accordance
with the present imnvention 1s a structure for mounting the
diamond electron emission cathode 1n accordance with the
present invention on an electron microscope or electron beam
exposure device, this structure comprising the diamond elec-
tron emission cathode 1n accordance with the present inven-
tion, an nsulating ceramic, and a pair of support terminals
that clamp the diamond electron emission cathode, fix it to the
insulating ceramic, and supply an electric current to the dia-
mond electron emission cathode, wherein the support termi-
nals are brought into direct contact with the diamond electron
emission cathode.
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In such diamond electron emission source, the diamond
electron emission cathode, which 1s a novel cathode matenal,
can be easily installed as a replacement 1n the electron beam
devices that have been using W filaments, LaB, or sharpened
W, ZrO/W, which are the conventional cathode materials.
Moreover, due to the structure 1n which the support terminals
directly clamp the diamond electron emission cathode, the
optical axes can be easily aligned during fabrication of the
diamond electron emission source and the possibility of dis-
placement or separation during use is very low.

The melting point of a metal used for the pair of terminals
or support terminals 1n the diamond electron emission source
in accordance with the present invention 1s preferably 1700 K
or less. Because electron emission from diamond is possible
at a temperature lower than that of W filaments, LaB., or
ZrO/W, a metal with a low melting point can be used and an
clectron emission source can be constructed by using a low-
cost metal matenal.

An electron microscope 1n accordance with the present
invention 1s installed with the diamond electron emission
cathode or diamond electron emission source 1n accordance
with the present invention. Because the diamond electron
emission cathode or diamond electron emission source 1n
accordance with the present mvention makes 1t possible to
obtain an electron beam with a high current density, high
brightness, and low energy width, observations can be per-
formed at a magnification ratio higher than that in the electron
microscopes using the conventional cathode matenals.

An electron beam exposure device 1n accordance with the
present invention 1s installed with the diamond electron emis-
sion cathode or diamond electron emission source 1n accor-
dance with the present invention. Because the diamond elec-
tron emission cathode or diamond electron emission source in
accordance with the present mvention makes 1t possible to
obtain an electron beam with a high current density, high
brightness, and low energy width, a fine pattern can be drawn
at a higher throughput than 1n the electron beam exposure
devices using the conventional cathode material.

Eftect of the Invention

With the present invention, 1t 1s possible to realize a high-
elficiency electron emission cathode and electron emission
source that 1s suitable for devices of all types using electron
beams, such as vacuum tubes, electron beam analyzers, accel-
erators, electron beam 1irradiation devices for sterilization,
X-ray generators, irradiation devices for resins, and electron
beam heating devices. In particular, it 1s possible to realize an
clectron emission cathode and electron emission source that
use diamond, have a high brightness and a small energy width
and are suitable for electron microscopes and electron beam
exposure devices. Furthermore, by using the electron emis-
s1ion cathode and electron emission source, 1t 1s possible to
realize an electron microscope enabling high-magnification
observations and an electron beam exposure device in which
fine patterns can be drawn at a high throughput.

BEST MODE FOR CARRYING OUT TH
INVENTION

(L]

The preferred modes for carrying out the diamond electron
emission cathode, electron emission source, electron micro-
scope, and electron beam exposure device 1n accordance with
the present invention will be described hereinbelow 1n greater
detail with reference to the appended drawings. In the expla-
nation of the drawings, identical elements will be assigned
with 1dentical reference symbols and the redundant explana-
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tion will be avoided. The dimensional ratio in the drawings
does not necessarily match that in the description.

FI1G. 1 1s a perspective view illustrating an embodiment of
the diamond electron emission cathode 1n accordance with
the present invention. The diamond electron emission cath-
ode 10 uses single crystal diamond 1n at least part thereof. A
natural single crystal, a single crystal artificially synthesized
by a high-temperature high-pressure synthesis method or
vapor phase synthesis method, or a combination of such
single crystals may be used as the single crystal diamond. The
diamond electron emission cathode 10 1s composed of two
types of semiconductors. In one of the types, an n-type semi-
conductor diamond 11 1s used as a first semiconductor, and in
another one, a p-type semiconductor diamond 12 1s used as a
second semiconductor. The formation of the n-type semicon-
ductor diamond 11 1s preferably performed by using a single
crystal diamond for the p-type semiconductor diamond 12
and performing epitaxial growth by a vapor phase growth
method thereupon 1n order to decrease the difference between
individual species or spread 1in conduction characteristics of
the diamond that produces a significant effect on the electron
emission characteristic. In such case, 1t 1s possible to control
the doping concentration of n-type impurities that are neces-
sary for using a diamond as a cathode material. Furthermore,
because of a structure 1n which the semiconductors are joined
together, the exchange of heat and electrons can be performed
with good elficiency and electron emission with good effi-
ciency 1srealized. Conducting growth by a microwave plasma
CVD method 1s advantageous 1n terms of controlling the
impurity concentration with high accuracy. The n-type semi-
conductor diamond 11 comprises n-type impurities at 2x10">
cm™ or higher. In such a case, the electrons located in the
conduction band of diamond are emitted. Therefore, the
effective work function is low, electron emission can be con-
ducted with a high current density, and an electron emission
cathode with a high brightness 1s obtained. In order to obtain
an electron emission cathode with even higher brightness, the
concentration of n-type impurities is preferably 2x10"” cm™
or higher. When the impurities are contained at such a high
concentration, the distance between the donors 1n the dia-
mond crystal becomes extremely small, and the electric con-
duction mechanism 1n the n-type semiconductor diamond 11
starts making a transition from the semiconductor conduction
to metal conduction.

As aresult, because the room-temperature resistance starts
to decrease abruptly, the voltage drop at the diamond electron
emission cathode itsell during electron emission decreases.
Therefore, electron emission with a higher current density
becomes possible and a high-brightness electron emission
cathode 1s obtained. At this time, for example, P or S 1s used
as the n-type impurity element. For example, H, or CH, 1s
used as a starting material gas employed for gas phase growth,
and PH; or H,S 1s used as a doping gas. The synthesis can be
performed under the following conditions. Thus, 1n the case
of P doping, the ratio between the numbers of C atoms and H
atoms 1n the gas phase 1s C/H=0.005 to 10% and the ratio
between the numbers of P atoms and C atoms is P/C=10"* to
100%. In the case of S doping, C/H=0.005 to 10% and the
ratio between the numbers of S atoms and C atoms 1s
S/C=10"7 to 100%. The temperature conditions are 600 to
1300° C. for both P and S doping.

The diamond electron emission cathode 10 has a sharpened
acute section having a portion for electron emission, that is,
the electron emitting portion 13, and a heating section 14. The
sharpened acute section having the electron emitting portion
13 preferably has a shape of a polygonal pyramid such as
quadrangular pyramid and triangular pyramid or a cone. In
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the case of a triangular pyramid, the pattern of emitted elec-
trons (emission pattern) 1s, for example, 1n the form shown in
FIG. 17. The heating section 14 1s mainly composed of the
p-type semiconductor diamond 12, which 1s the second semi-
conductor, and 1t 1s preferred that a semiconductor with a low
specific resistance be selected so that the n-type semiconduc-
tor diamond 11, which i1s the first semiconductor, can be
heated with good efliciency. B 1s preferably selected as the
p-type impurity, and the p-type semiconductor with a p-type
impurity concentration of 2x10"> cm™ or higher can be used.
More specifically, the low specific resistance 1s 300 £2cm or
less, more preferably 1 €2cm or less. Using a semiconductor
with a low specific resistance decreases the specific resistance
of the entire electron emission cathode. Therefore, when the
cathode 1s used at the same temperature as that of the electron
emission cathode with a comparatively high specific resis-
tance, the current for resistance heating can be increased.
Therefore, the number of electrons reaching the electron
emitting portion 1s advantageously increased. As a result, the
clectron emission efficiency 1s increased. The p-type semi-
conductor diamond 12 1s preferably a single crystal diamond
synthesizes by vapor phase growth. A single crystal diamond
obtained by high-temperature high-pressure growth can be
also used. However, because the vapor-phase grown crystal
has a comparatively small amount of impurities other than
p-type impurities and high quality, the crystallinity of the
n-type semiconductor diamond 11 that 1s vapor phase grown

on the single crystal diamond is also improved. As aresult, the
clectrons are difficult to trap.

Therefore, high-efficiency electron emission 1s realized.
The heating section 14 has a structure that can be clamped
with a pair of current introducing terminals, so that direct
heating by current conduction can be performed. The electron
emitting portion 13 1s heated by the heat generated by the
heating section 14, and removal of moisture or the like that
adhered to the surface of the electron emitting portion 1s also
performed; this removal 1s necessary to stabilize the emission
current. This eflect1s obtained at a temperature of the electron
emitting portion 13 of 400 K or higher, but a temperature of
600 K or higher 1s preferred to activate further the donors of
the n-type semiconductor diamond 11 and increase the elec-
tron emission eiliciency. If the service life 1s taken into
account, a temperature of 1200 K or less 1s preferred. If the
temperature 1s less than 400 K, a stable electron emission
current enabling a suificient brightness cannot be obtained,
and if the temperature 1s higher than 1200 K, a sufficient
service life cannot be obtained. Because the sharpened acute
section having the electron emitting portion 13 1s present only
in one location 1n the diamond electron emission cathode, a
high-brightness diamond electron emission cathode can be
tabricated. Furthermore, because the heating section 1s heated
with a pair of current introducing terminals and some of the
introduced electrons are emitted from the electron emitting
portion, the diamond electron emission cathode can be advan-
tageously used 1n electron beam devices such as electron
microscopes and electron beam exposure devices. The elec-
tron emitting portion 13 of the diamond electron emission
cathode 10 1s composed of the n-type semiconductor dia-
mond 11, which 1s the first semiconductor, but it 1s preferred
that the surface of the n-type semiconductor diamond 11 be
terminated with hydrogen atoms. In this case, the effective
work function 1s decreased. Therefore, high-efficiency elec-
tron emission 1s realized. An even more significant effect can
be demonstrated 11 50% or more of the dangling bonds of the
surface of the n-type semiconductor diamond 11 of the elec-
tron emitting portion 13 are terminated with hydrogen atoms.
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FIG. 2 1s a three-plane view of the diamond electron emis-
sion cathode shown 1n FIG. 1. FIG. 2(a) 1s a plan view, (b) 1s
a front view, and (¢) 1s a right side view. The diamond electron
emission cathode 10 shown 1n FIG. 2 has an electron emitting
portion 13 and a heating section 14 and 1s composed of the
n-type semiconductor diamond 11 comprising n-type impu-
rities at 2x10'> cm™ or higher as the first semiconductor and
the p-type semiconductor diamond 12 comprising p-type
impurities at 2x10'> cm™ or higher as the second semicon-
ductor. The electron emitting portion 13 1s n-type semicon-
ductor diamond 11, which 1s the first semiconductor. The
n-type semiconductor diamond 11 and p-type semiconductor
diamond 12 are joined by the junction surface 15.

FIG. 3(a) 1s a bottom view of a structure in which the
diamond electron emission cathode 10 1s sandwiched
between a pair of current introducing terminals 20, and FIG.
3(b) 1s a rear suriace view thereof.

The two types of semiconductors assume the same electric
potential, without application of bias voltage, 1f a pair of
current 1introducing terminals 20, 20 that are necessary for
clectron emission are brought into contact with the n-type
semiconductor diamond 11 and p-type semiconductor dia-
mond 12 and a current for resistance heating 1s caused to tlow
parallel to the junction surface 15. Because the two semicon-
ductors are under the same electric potential, the electrons are
not moved between the two semiconductors by an electric
field. Thus, annihilation of electrons by coupling of electrons
and holes induced by electric field between a pair of current
introducing terminals does not occur between the two types of
semiconductors. Therefore, when the electron emitting por-
tion 13 1s composed of the n-type semiconductor diamond 11,
which 1s the first semiconductor, the electrons supplied from
the pair of current introducing terminals 20, 20 are trans-
ported to the electron emitting portion 13 and emitted 1nto
vacuum only by the first semiconductor, that is, the n-type
semiconductor diamond 11 1n which electrons are the major
carrier. Therefore, high-efliciency electron emission 1s real-
1zed. In this case, the second semiconductor, that 1s, the p-type
semiconductor diamond 12 1s used as a resistor for resistance
heating, the activation ratio of donors of the n-type semicon-
ductor diamond 11 1s increased by the heat and the number of
clectrons 1n the conduction band 1s increased, whereby high-
elficiency electron emission 1s realized.

FIG. 4 1s a perspective view illustrating another embodi-
ment of the diamond electron emission cathode 1n accordance
with the present mvention. The diamond electron emission
cathode 30 uses single crystal diamond 1n at least part thereof.
A natural single crystal, a single crystal artificially synthe-
s1ized by a high-temperature high-pressure synthesis method
or vapor phase synthesis method, or a combination of such
single crystals may be used as the single crystal diamond. The
diamond electron emission cathode 30 1s composed of two
types of semiconductors. In one of them, an n-type semicon-
ductor diamond 31 1s used as a first semiconductor, and in
another type, a p-type semiconductor diamond 32 1s used as a
second semiconductor. The formation of the n-type semicon-
ductor diamond 31 1s preferably performed by using a single
crystal diamond for the p-type semiconductor diamond 32
and performing epitaxial growth by a vapor phase growth
method thereupon 1n order to decrease the individual differ-
ence or spread i conduction characteristics of the diamond
that produces a significant effect on the electron emission
characteristic. In such case, it 1s possible to control the doping
concentration of n-type impurities, this control being neces-
sary for using a diamond for a cathode material. Furthermore,
because of a structure 1n which the semiconductors are joined
together, the exchange of heat and electrons can be performed
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with good eificiency and electron emission with good effi-
ciency 1srealized. Conducting growth by a microwave plasma
CVD method 1s advantageous 1n terms of controlling the
impurity concentration with high accuracy. The n-type semi-
conductor diamond 31 comprises n-type impurities at 2x10">
cm™ orhigher. In such a case, the amount of electrons located
in the conduction band of diamond becomes suiliciently
large, electron emission can be conducted with a high current
density, and an electron emission cathode with a high bright-
ness 1s obtained. In order to obtain an electron emission
cathode with even higher brightness, the concentration of
n-type impurities is preferably 2x10'” cm™ or higher. When
the impurities are contained at such a high concentration, the
distance between the donors 1n the diamond crystal becomes
extremely small, and the electric conduction mechanism 1n
the n-type semiconductor diamond 31 starts making a transi-
tion from the semiconductor conduction to metal conduction.

As aresult, because the room-temperature resistance starts
to decrease abruptly, the voltage drop at the diamond electron
emission cathode itsell during electron emission decreases.
Therefore, electron emission with a higher current density
becomes possible and a high-brightness electron emission
cathode 1s obtained. At this time, for example, P or S 1s used
as the n-type impurity element. For example, H, or CH, 1s
used as a starting material gas employed for gas phase growth,
and PH, or H,S 1s used as a doping gas. The synthesis can be
performed under the following conditions. In the case of P
doping, the ratio between the numbers of C atoms and H
atoms 1n the gas phase 1s C/H=0.005 to 10% and the ratio
between the numbers of P atoms and C atoms is P/C=10"* to
100%. In the case of S doping, C/H=0.0035 to 10% and the
ratio between the numbers of S atoms and C atoms 1s
S/C=10"* to 100%. The temperature conditions are 600 to
1300° C. for both P and S doping.

The diamond electron emission cathode 30 has a portion
for electron emission, that 1s, an electron emitting portion 33,
and a heating section 34. The electron emitting portion 33
preferably has a shape of a polygonal pyramid such as qua-
drangular pyramid and triangular pyramid or a cone. The
heating section 34 1s mainly composed of a the p-type semi-
conductor diamond 32, which 1s the second semiconductor,
and 1t 1s preferred that a semiconductor with a low specific
resistance be selected so that an n-type semiconductor dia-
mond 31, which 1s the first semiconductor, can be heated with
good elficiency. B 1s preferably selected as the p-type impu-
rity, and the p-type semiconductor with a p-type impurity
concentration of 2x10" ¢m™ or higher can be used. More
specifically, the low specific resistance 1s 300 C2cm or less,
more preferably 1 £2cm or less. Using a semiconductor with a
low specific resistance decreases the specific resistance of the
entire electron emission cathode. Theretfore, when the cath-
ode 1s used at the same temperature as the electron emission
cathode with a comparatively high specific resistance, the
current for resistance heating can be increased. Therefore, the
clectrons reaching the electron emitting portion 1s increased.
As a result, the electron emission efficiency 1s increased. The
p-type semiconductor diamond 32 1s preferably a single crys-
tal diamond synthesizes by vapor phase growth. A single
crystal diamond obtained by high-temperature high-pressure
growth can be also used. However, because the vapor-phase
grown crystal has a comparatively small amount of impurities
other than p-type impurities and high quality, the crystallinity
of the n-type semiconductor diamond 31 that 1s vapor phase
grown on the single crystal diamond 1s also improved. As a
result, the electrons are difficult to trap.

Therefore, high-efficiency electron emission 1s realized.
The heating section 34 has a structure that can be clamped
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with a pair of current introducing terminals, so that direct
heating by current conduction can be performed. The electron
emitting portion 33 1s heated by the heat generated by the
heating section 34, and removal of moisture or the like that
adhered to the surface of the electron emitting portion 1s also
performed; this removal 1s necessary to stabilize the emission
current. This eflect1s obtained at a temperature of the electron
emitting portion 33 of 400 K or higher, but a temperature of
600 K or higher 1s preferred to activate further the donors of
the n-type semiconductor diamond 31 and increase the elec-
tron emission efliciency. If the service life 1s taken into
account, a temperature of 1200 K or less 1s preferred. If the
temperature 1s less than 400 K, a stable electron emission
current enabling a suflicient brightness cannot be obtained,
and if the temperature 1s higher than 1200 K, a sufficient
service life cannot be obtained. Because the sharpened acute
section having the electron emitting portion 33 1s present only
in one location 1n the diamond electron emission cathode, a
high-brightness diamond electron emission cathode can be
tabricated. Furthermore, because the heating section 1s heated
with a pair of current introducing terminals and some of the
introduced electrons are emitted from the electron emitting
portion, the diamond electron emission cathode can be advan-
tageously used 1n electron beam devices such as electron
microscopes and electron beam exposure devices. The elec-
tron emitting portion 33 of the diamond electron emission
cathode 30 1s composed of the p-type semiconductor dia-
mond 32, which 1s the second semiconductor, but it 1s pre-
terred that the surface of the p-type semiconductor diamond
32 be terminated with hydrogen atoms. In this case, the elec-
tron ailinity 1s decreased. Therefore, high-efficiency electron
emission 1s realized. An even more significant effect can be
demonstrated 11 50% or more of the dangling bonds of the
surface of the p-type semiconductor diamond 32 of the elec-
tron emitting portion 33 are terminated with hydrogen atoms.

FI1G. 5 15 a three-plane view of the diamond electron emis-
sion cathode shown 1n FI1G. 4. FIG. 5(a) 1s a plan view, (b) 1s
a front view, and (¢) 1s a right side view.

The diamond electron emission cathode 30 shown in FIG.
5 has an electron emitting portion 33 and a heating section 34
and 1s composed of the n-type semiconductor diamond 31
comprising n-type impurities at 2x10'> cm™ or higher as the
first semiconductor and the p-type semiconductor diamond
32 comprising p-type impurities at 2x10"> cm™ or higher as
the second semiconductor. The electron emitting portion 31 1s
composed of the p-type semiconductor diamond 32, which 1s
the second semiconductor. A semiconductor that has fewer
electrons, but easier releases electrons into vacuum, that 1s,
has a lower electron affinity than the n-type semiconductor
diamond 31 1s selected as the p-type semiconductor diamond
32. The n-type semiconductor diamond 31 and p-type semi-
conductor diamond 32 are joined by a junction surface 35.
FIG. 6(a) 1s a plan view seen from the top of the structure 1n
which the diamond electron emission cathode 30 1s sand-
wiched between a pair of current introducing terminals 40,
40, FIG. 6(b) 1s a rear surface view thereot. The semiconduc-
tors of two types assume the same electric potential, without
bias voltage application, 1f a pair of current introducing ter-
minals 40, 40 that are necessary for electron emission are
brought into contact with the n-type semiconductor diamond
31 and p-type semiconductor diamond 32 and a resistance
heating current 1s caused to flow parallel to the junction
surface 335. Because the two semiconductors are under the
same electric potential, the electrons are not moved between
the two semiconductors by an electric field. Thus, annihila-
tion of electrons by coupling of electrons and holes induced
by electric field between a pair of current introducing termi-
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nals does not occur between the two types of semiconductors.
Usually, electrons are assumed to be moved from the n-type
semiconductor diamond 31 into p-type semiconductor dia-
mond 32 and emitted under the effect of bias voltage appli-
cation. However, taking into account that electrons are con-
sumed 1n the portion of bias voltage application, a method for
moving the electrons, without applying a bias voltage, 1s
necessary to cause the emission of a larger number of elec-
trons mto vacuum. The following measures were discovered
to be suitable as such a method.

With the first measure, the temperature 1s raised, whereby
alternating current of electrons between the semiconductors
of two types 1s greatly intensified, causing diffusion, move-
ment of electrons into the second semiconductor, and aug-
mented emission effect. With the second measure, due to
heating, the first semiconductor, that 1s, the n-type semicon-
ductor diamond 31, 1s conductive, whereby the conduction
becomes a driving force that facilitates the movement of
clectrons 1nto the second semiconductor, that is, the p-type
semiconductor diamond 32, and electron emission. The elec-
trons that moved to the p-type semiconductor diamond 32 due
to the diffusion in the vicinity of the acute electron emitting
portion 33 are directly emitted from the electron emitting
portion 33 into vacuum. Therefore, electron emission with a
high current density 1s possible. In the vicinity of the acute
clectron emitting portion 33, the direction in which the elec-
trons tlow from the n-type semiconductor diamond 31 1nto the
p-type semiconductor diamond 32 1s almost i1dentical to the
direction 1n which electrons are emitted into vacuum. The fact
that the electric current used for heating also serves for elec-
tron emission, thereby making it possible to obtain an elec-
tron emission cathode with a brightness higher than that of the
conventional cathodes, was heretotfore difficult to establish
because such current becomes the cause of noise generation
that spreads the energy width of emitted electrons and pro-
vides an adverse elffect. However, the results of the compre-
hensive research conducted by the inventors demonstrated
that electric current and voltage for heating and electron
emission are stabilized by the resistance of the portion that 1s
provided for heating and that the emitted electrons are filtered
according to their energy, and these eflects were found to
surpass greatly the mverse effect.

FIG. 7 1s a perspective view 1llustrating another embodi-
ment o the diamond electron emission cathode 1n accordance
with the present mvention. The diamond electron emission
cathode 50 uses single crystal diamond 1n at least part thereof.
A natural single crystal, a single crystal artificially synthe-
s1zed by a high-temperature high-pressure synthesis method
or vapor phase synthesis method, or a combination of such
single crystals may be used as the single crystal diamond. The
diamond electron emission cathode 50 1s composed of three
types of semiconductors. In one type, an n-type semiconduc-
tor diamond 51 1s used as the first semiconductor, 1n another
type, a p-type semiconductor diamond 352 1s used as the sec-
ond semiconductor, and in vet another type, an intrinsic semi-
conductor diamond 53 1s used as the third semiconductor. The
n-type semiconductor diamond 51, which 1s the first semi-
conductor, 1s joined to the p-type semiconductor diamond 52,
which 1s the second semiconductor, via the intrinsic semicon-
ductor diamond 53, which 1s the third semiconductor. The
semiconductor configuration 1s preferably obtained by suc-
cessively epitaxially growing the intrinsic semiconductor dia-
mond 53 and n-type semiconductor diamond 51 in this order
on the p-type semiconductor diamond 52 by a vapor phase
growth method. With such a procedure, the individual differ-
ence or spread i conduction characteristics of the diamond
that produces a significant effect on the electron emission
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characteristic in the n-type semiconductor diamond 51 and
intrinsic semiconductor diamond 33 can be reduced and the
doping concentration of n-type impurities that are necessary
for using a diamond as a cathode material can be controlled.
Furthermore, because a pin-junction structure 1s produced,
the exchange of heat and electrons can be performed with
good efficiency and the number of electrons annihilated by
coupling with holes can be reduced to zero. Theretfore, elec-
tron emission with even higher efficiency is realized. The
thickness of the intrinsic semiconductor diamond 53 1s pret-
erably 0.01 um to 10 um. With the thickness within a range of
0.01 um to 10 um, the above-described effect can be suili-
ciently demonstrated. If the thickness 1s less than 9.01 um, the
number of electrons annihilated due to coupling with holes 1s
rapidly increased. If the thickness 1s more than 10 um, the
resistance of the diamond electron emission cathode 350
increases, the number of electrons present 1n the conduction
band of diamond decreases, and electron emission capacity
decreases.

Conducting growth by a microwave plasma CVD method
1s advantageous 1n terms of controlling the concentration of
impurities in the n-type semiconductor diamond 51 and
intrinsic semiconductor diamond 53 with high accuracy. The
n-type semiconductor diamond 51 comprises n-type impuri-
ties at 2x10"> cm™ or higher. In such a case, the number of
clectrons located in the conduction band of diamond becomes
suificiently large, electron emission can be conducted with a
high current density, and an electron emission cathode with a
high brightness 1s obtained. In order to obtain an electron
emission cathode with even higher brightness, the concentra-
tion of n-type impurities is preferably 2x10"” cm™ or higher.
When the impurities are contained at such a high concentra-
tion, the distance between the donors 1n the diamond crystal
becomes extremely small, and the electric conduction mecha-
nism 1n the n-type semiconductor diamond 51 starts making a
transition from the semiconductor conduction to metal con-
duction.

As aresult, because the room-temperature resistance starts
to decrease abruptly, the voltage drop at the diamond electron
emission cathode 1itself during electron emission decreases.
Therefore, electron emission with a higher current density
becomes possible and a high-brightness electron emission
cathode 1s obtained. At this time, for example, P or S 1s used
as the n-type impurity element. For example, H, or CH, 1s
used as a starting material gas employed for gas phase growth,
and PH; or H,S 1s used as a doping gas. The synthesis can be
performed under the following conditions. Thus, 1n the case
of P doping, the ratio between the numbers of C atoms and H
atoms 1n the gas phase 1s C/H=0.005 to 10% and the ratio
between the numbers of P atoms and C atoms is P/C=10"* to
100%. In the case of S doping, C/H=0.005 to 10% and the
ratio of the numbers of S atoms and C atoms is S/C=107* to
100%. The temperature conditions are 600 to 1300° C. for
both P and S doping.

The 1ntrinsic semiconductor diamond 33 has a carrier con-
centration of 1x10” cm™ or lower. Because of such high
purity, practically no electrons annihilate by coupling with
holes and electron emission with even higher efficiency 1s
realized. For example, high-punity H, or CH, 1s used as the
starting material gas employed for vapor phase growth.

The diamond electron emission cathode 50 has a portion
for electron emission, that 1s, an electron emitting portion 54,
and a heating section 55. The electron emitting portion 54
preferably has a shape of a polygonal pyramid such as qua-
drangular pyramid and triangular pyramid or a cone. The
heating section 55 1s mainly composed of a the p-type semi-
conductor diamond 52, which 1s the second semiconductor,
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and 1t 1s preferred that a semiconductor with a low specific
resistance be selected so that an n-type semiconductor dia-
mond 51, which 1s the first semiconductor, can be heated with
good efliciency. B 1s preferably selected as the p-type impu-
rity, and the p-type semiconductor with a p-type impurity
concentration of 2x10"> cm™ or higher can be used. More

specifically, the low specific resistance 1s 300 C2cm or less,
more preferably 1 £2cm or less. Using a semiconductor with a
low specific resistance decreases the specific resistance of the
entire electron emission cathode. Therefore, when the cath-
ode 1s used at the same temperature as the electron emission
cathode with a comparatively high specific resistance, the
current for resistance heating can be increased. Theretore, the
clectrons reaching the electron emitting portion 1s increased.
As a result, the electron emission efficiency 1s increased. The
p-type semiconductor diamond 52 1s preferably a single crys-
tal diamond synthesizes by vapor phase growth. A single
crystal diamond obtained by high-temperature high-pressure
growth can be also used. However, because the vapor-phase
grown crystal has a comparatively small inclusion of impu-
rities other than p-type impurities and high quality, the crys-
tallinity of the n-type semiconductor diamond 51 and the
intrinsic semiconductor diamond 33 which are vapor phase
grown on the single crystal diamond 1s also improved. As a
result, the electrons are difficult to trap.

Therefore, high-efficiency electron emission 1s realized.
The heating section 35 has a structure that can be clamped
with a pair of current introducing terminals, so that direct
heating by current conduction can be performed. The electron
emitting portion 34 1s heated by the heat generated by the
heating section 55, and removal of moisture or the like that
adhered to the surface of the electron emitting portion 1s also
performed; this removal 1s necessary to stabilize the emission
current. This effect 1s obtained at a temperature of the electron
emitting portion 54 of 400 K or higher, but a temperature of
600 K or higher 1s preferred to activate further the donors of
the n-type semiconductor diamond 51 and increase the elec-
tron emission efliciency. IT the service life 1s taken into
account, a temperature ol 1200 K or less 1s preferred. 11 the
temperature 1s less than 400 K, a stable electron emission
current enabling a suificient brightness cannot be obtained,
and if the temperature 1s higher than 1200 K, a sufficient
service life cannot be obtained. Because the sharpened acute
section having the electron emitting portion 54 1s present only
in one location 1n the diamond electron emission cathode, a
high-brightness diamond electron emission cathode can be
tabricated. Furthermore, because the heating section 1s heated
with a pair of current introducing terminals and some of the
introduced electrons are emitted from the electron emitting
portion, the diamond electron emission cathode can be advan-
tageously used 1n electron beam devices such as electron
microscopes and electron beam exposure devices. The elec-
tron emitting portion 34 of the diamond electron emission
cathode 50 1s composed of the mtrinsic semiconductor dia-
mond 33, which 1s the third semiconductor, but 1t 1s preferred
that the surtace of the itrinsic semiconductor diamond 53 be
terminated with hydrogen atoms. In this case, the electron
alfimty 1s decreased. Therefore, high-efficiency electron
emission 1s realized. An even more significant effect can be
demonstrated 11 50% or more of the dangling bonds of the
surface of the intrinsic semiconductor diamond 33 of the
clectron emitting portion 54 are terminated with hydrogen
atoms.

FIG. 8 1s a three-plane view of the diamond electron emis-
sion cathode shown 1n FIG. 7. FIG. 8(a) 1s a plan view, (b) 1s
a front view, and (¢) 1s a right side view.
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The diamond electron emission cathode 50 shown 1n FIG.
8 has an electron emitting portion 54 and a heating section 55
and 1s composed of an n-type semiconductor diamond 51
comprising n-type impurities at 2x10"> cm™ or higher as the
first semiconductor, a p-type semiconductor diamond 52
comprising p-type impurities at 2x10"> cm™ or higher as the
second semiconductor, and an intrinsic semiconductor dia-
mond 53 with a carrier concentration of 1x10” cm™ or lower
as a third semiconductor. The electron emitting portion 54 1s
composed of the intrinsic semiconductor diamond 53, which
1s the third semiconductor. A semiconductor that has fewer
electrons, but easier releases electrons into vacuum, that 1s,
has a lower electron aflinity than the n-type semiconductor
diamond 51 1s selected as the intrinsic semiconductor dia-
mond 53. The n-type semiconductor diamond 51 and p-type
semiconductor diamond 52 are joined via the intrinsic semi-
conductor diamond 33 and a pin junction section 356 1is
formed.

FIG. 9(a) 1s a bottom view of a structure in which the
diamond electron emission cathode 50 1s sandwiched
between a pair of current introducing terminals 60, 60, FIG.
9(b) 15 a rear surface view thereof. The n-type semiconductor
diamond 51 and p-type semiconductor diamond 52 assume
the same electric potential, without bias voltage application,
if a pair of current introducing terminals 60, 60 that are
necessary for electron emission are brought into contact with
the n-type semiconductor diamond 51, p-type semiconductor
diamond 52, and 1ntrinsic semiconductor diamond 53 and the
current for resistance heating 1s caused to flow parallel to the
pin junction section 56. Because the two semiconductors are
under the same electric potential, the electrons are not moved
between the two semiconductors by an electric field. Thus,
annihilation of electrons by coupling of electrons and holes
induced by electric field between a pair of current introducing
terminals does not occur between the two types ol semicon-
ductors. However, by raising the temperature of the diamond
clectron emission cathode 50, the exchange of electrons
between the n-type semiconductor diamond 51 and intrinsic
semiconductor diamond 33 1s greatly intensified, causing dif-
fusion, movement of electrons into the third semiconductor,
that 1s, the intrinsic semiconductor diamond 53, and aug-
mented emission effect. Furthermore, due to heating, the first
semiconductor, that is, the n-type semiconductor diamond 51
1s conductive, whereby the conduction becomes a driving
force that facilitates the movement of electrons mto the third
semiconductor, that 1s, the intrinsic semiconductor diamond
53 and electron emission. The electrons that moved to the
intrinsic semiconductor diamond 53 due to the diffusion 1n
the vicimty of the sharpened acute electron emitting portion
54 are directly emitted from the electron emitting portion 54
into vacuum.

Therefore, electron emission with a high current density 1s
possible. In the vicinity of the sharpened acute electron emit-
ting portion 54, the direction in which the electrons flow from
the n-type semiconductor diamond 31 1nto the intrinsic semi-
conductor diamond 53 1s almost 1dentical to the direction 1n
which electrons are emitted into vacuum. In this case, the
second semiconductor, that 1s, the p-type semiconductor dia-
mond 52 1s used as a resistor for resistance heating, the
activation rate of donors 1n the n-type semiconductor dia-
mond 51 by heat 1s increased, and the number of electrons in
the conduction band 1s increased, whereby a highly efficient
clectron emission 1s realized. The results of the comprehen-
stve research conducted by the iventors demonstrated that
when the third semiconductor, that 1s, the intrinsic semicon-
ductor diamond 53, 1s used for the electron emitting portion
54, the annihilation of electrons by coupling of electrons and
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holes 1n the electron emitting portion 54 can be greatly
reduced by comparison with the case where the second semi-
conductor, that 1s, the p-type semiconductor diamond 52, 1s
used, electron emission with even higher current density 1s
made possible, and a high-brightness electron emission cath-
ode 1s obtained.

It 1s preferred that at least one plane of the planes for which
at least the sharpened electron emitting portion 13, electron
emitting portion 33, and electron emitting portion 354 1is
formed as an apex 1n the surfaces of the diamond electron
emission cathode 10, diamond electron emission cathode 30,
and diamond electron emission cathode 50 be formed by a
(111) crystal plane. The stable growth plane in vapor phase
growth 1s a (100) plane or (111) plane, but the intake effi-
ciency of n-type impurities such as P or S of the (111) plane
in the vapor phase growth process 1s two or more times that of
the (100) plane. Therefore, by performing high-concentration
doping of n-type impurities at the (111) plane of diamond, 1t
1s possible to realize easily electron emission with a high
current density based on metallic conduction, that 1s, a high-
brightness electron emission cathode. In the advantageous
shape of the electron emitting portion comprising the (111)
surface, all four planes constituting the sharpened acute sec-
tion 71 such as shown 1n the plan view of FIG. 10 are (111)
planes, or two planes of the three planes constituting the
sharpened acute section 81 such as shown 1n the plan view of
FIG. 11 are (111) planes, but even one plane of the planes
constituting the sharpened acute section may be the (111)
planes. The (111) plane, as referred to herein, includes ofi-
planes within £7° from the (111) just plane. Within this range,
high-concentration doping ol n-type impurities can be
attained. Examples of methods that can be advantageously
used for forming the (111) planes include polishing, laser
machining, 1on etching, growth, or combinations thereof.

The diamond electron emission cathode shown 1n FI1G. 1 to
FIG. 14 1s 1n a columnar shape with a length in the short side
direction of 0.05 mm or more to 2 mm or less and an aspect
ratio ol 1 or more so that the electron emission cathode can be
installed 1n an electron gun chamber produced as an electron
extraction structure of an electron microscope or electron
beam exposure device. If the length in the short side direction
1s less than 0.05 mm, when the diamond electron source 1s
used at a high temperature, due to thermal expansion of the
metal used for clamping 1n a tool employed for mounting the
diamond electron source, 1t 1s highly probable that the dia-
mond electron source will fall out from the tool, and 1t the
length in the short side direction 1s more than 2 mm, the
clectron emission noise from the outside of the electron emis-
sion portion that decreases the brightness of the obtained
clectron beam becomes significant, and this noise 1s difficult
to suppress with the suppressor of the electron gun chamber.
It the aspect ratio 1s less than 1, even the electrons emaitted
from the electron emitting portion are suppressed with the
suppressor and a high-brightness electron beam 1s difficult to
obtain.

The specific resistance of the portion of the diamond elec-
tron emission cathode containing n-type impurities at room
temperature 1s preferably 300 £2cm or less. In this case, elec-
trons can be effectively supplied to the portion contaiming
n-type impurities, high-density electron emission is possible,
and a high brightness electron emission cathode can be
obtained.

The tip end radius or tip end curvature radius of the sharp-
ened acute section having the electron emitting portion of the
diamond electron emission cathode shown in FIGS. 1 to 11
and FIGS. 13 and 14 1s preferably 30 um or less. By making
the tip end of the electron emitting portion of such a small
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s1ze, an electron emission cathode with a higher brightness
can be obtained. Furthermore, a smaller focusing point can be
maintained when the tip 1s used as a tip for thermal electron
emission. I the tip end radius or tip end curvature radius 1s
more than 30 um, the focal point 1s very difficult to decrease
in size and special attention should be paid to the optical
system of the electron beam device. In order to obtain a sharp
tip end, it 1s preferred that the first semiconductor, that 1s, the
n-type semiconductor diamond, the second semiconductor,
that 1s, the p-type semiconductor diamond, and the third semi-
conductor, that 1s, the intrinsic semiconductor diamond be
grown by vapor phase synthesis and then subjected to polish-
ing or 1on etching. Furthermore, if the tip end radius 1s 5 um
or less, an electric field of 10* V/cm or more can be easily
obtained at the tip end of the electron emitting portion which
1s a threshold at which the cathode can be advantageously
used as a thermal field electron emission cathode. Even more
preferred that the tip end diameter be 1 um or less. In this case,
an electric field of 107 V/cm or more can be easily obtained at
the tip end of the electron emitting portion and, therefore, the
cathode can be advantageously used as a field-emission cath-
ode.

Furthermore, the electron emitting portion such as shown
in FIG. 12 may have a protruding structure 92 at the tip end of
the sharpened acute section 91 in which the tip end diameter
ol the protrusion 1s 5 um or less and the aspect ratio 1s 2 or
more. In order to obtain such a sharpened acute end, 1t 1s
preferred that the first semiconductor, that 1s, the n-type semi-
conductor diamond, the second semiconductor, that 1s, the
p-type semiconductor diamond, and the third semiconductor,
that 1s, the intrinsic semiconductor diamond be grown by
vapor phase synthesis and then subjected to sharpening by 1on
ctching. If only the electron emitting portion of the entire
diamond serving as an electron emission cathode has such a
sharpened acute shape, then the cathode can be easily
mounted on an electron microscope or electron beam expo-
sure device. If the tip end diameter 1s 5 um or less, the cathode
can be advantageously used as a high-brightness thermal filed
emission cathode, and if the tip end diameter 1s 1 um or less,
the cathode can be advantageously used as a high-brightness
ficld-emission cathode.

Emitting an electron beam with an energy width o1 0.6 eV
or less under an applied voltage of 0.5 kV or more to 100 kV
or less also may be a specific feature of the diamond electron
emission cathode in accordance with the present invention.
Such diamond electron emission cathode as a replacement for
cathodes from the conventional materials can provide a good
clectron beam. For example, the results of energy analysis of
the electron beam emitted from the diamond electron emis-
sion cathode are shown 1n FIG. 18. These results clearly show
that the peak has an asymmetrical shape with a tail drawn to
the high-energy side.

Alternatively, as shown 1n FIG. 13, the heating section 101
may have a metal layer 102. Because the presence of a metal
layer 102 decreases electric resistance, the source voltage
used for heating can be decreased and the diamond electron
emission cathode 1s suitable for mounting on electron beam
devices such as electron microscopes and electron beam
exposure devices. A metal with a high melting point such as
Mo, Nb, W, Ta or a metal such as Ti1 can be advantageously
used for the metal layer 102.

Further, as shown in FIG. 14, metal coating with the metal
coating layer 113 may be conducted so that the shortest dis-
tance (1) from the electron emitting portion 112 to an end
portion of the metal layer, including the heating section 111,
1s 500 um or less. Because the transport of electrons to the
clectron emitting portion 1s aided by the metal coating layer,
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a larger number of electrons can be transported to the electron
emitting portion. As a result, high-efliciency electron emis-
s1on 1s realized. It 1s even more preferred that the distance (1)
be 100 um or less. With such a distance the improvement of
clectron transport efficiency to the electron emitting portion
attained by providing a metal coating on the electron emission
cathode 1s even more significant. Aid to transport electrons by
the metal coating layer cannot be accomplished when the
distance (1) 1s more than 500 um.

FIG. 15 1s a cross-sectional view of a diamond electron
emission source 1n accordance with the present mvention.
The diamond electron emission cathode 1s shown 1n a plan
view. The diamond electron emission source has a structure
comprising the diamond electron emission cathode 120 1n
accordance with the present invention that has no metal layer
or metal coating, an 1nsulating ceramic 121, and a pair of
support terminals (current introducing terminals) 122, 122
for supplying an electric current to the diamond electron
emission cathode 120, wherein the support terminals 122,
122 are in direct contact with the diamond electron emission
cathode 120. When the electric resistance value between the
terminals 1s 10£2 or more to 3 k&2 or less, the performance of
the diamond electron emission source can be fully demon-
strated with a power source system of an electron beam device
where the conventional cathode materials have been used.

FIG. 16 1s a cross-sectional view of another diamond elec-
tron emission source in accordance with the present inven-
tion. The diamond electron emission cathode 1s shown 1n a
plan view. The diamond electron emission source has a struc-
ture comprising the diamond electron emission cathode 130
in accordance with the present invention that has ametal layer
or metal coating, an insulating ceramic 131, and a pair of
support terminals (current introducing terminals) 132, 132
for supplying an electric current to the diamond electron
emission cathode 130, wherein the support terminals 132,
132 are 1n direct contact with the diamond electron emission
cathode 130. When the electric resistance value between the
terminals 1s 10€2 or more to 7002 or less, the diamond elec-
tron emission cathode 1n accordance with the present inven-
tion can be mounted without special modifications on the
power source system of electron beam devices where the
conventional cathode materials have been used and an elec-
tron emission source can be obtained which has a brightness
higher than that attained with the diamond electron emission
cathode without the metal layer.

A metal with a high melting point such as Mo, Nb, W, Ta,
or alloys thereof can be advantageously used as a material for
the supporting terminals. Alternatively, even a metal with a
melting point of 1700 K or less can be advantageously used
for the support terminals. Because diamond can emit elec-
trons at a lower temperature than W filaments, LaB, or ZrO/
W, a metal with a low melting point can be used. In this case,
a low-cost metal material can be used and an electron emis-
s10n source can be constructed at a low cost. Because the
diamond electron emission cathode does not react with the
support terminals as, for example, hexaborides such as LaB,
do, even at a high temperature under electron emission, the
cathode can be clamped by direct contact. With the above-
described structure of the diamond electron emission source,
the diamond electron emission source may be installed very
casily as a replacement 1n electron beam devices where W
fillaments, LaB,, or sharpened W, ZrO/W, which are the con-
ventional cathode materials have been used. Moreover,
because of a structure in which the diamond electron emis-
s1on cathode 1s directly clamped by the support terminals, the
alignment of optical axes during fabrication 1s facilitated and
the possibility of displacement or separation during use 1s
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low. Furthermore, an electric resistance of 3 k&2 or less
between the terminals at room temperature 1s desirable for
attaching the diamond electron emission cathode to an elec-
tron beam devices where the conventional cathode materials
were used. At a higher resistance value, there 1s a strong
possibility that sufficient electron emission characteristics
will not be obtained with the power source of the electron
beam device.

The electron microscope in accordance with the present
invention has mstalled therein the diamond electron emission
cathode or diamond electron emission source 1n accordance
with the present invention and enables observations at a
higher magnification ratio than the electron microscopes
using the conventional cathode materials. When the diamond
clectron emission cathode in accordance with the present
invention 1s so shaped that 1t can be used as a thermal electron
emission cathode and installed 1 an electron microscope,
observations of fine configurations can be performed at a
magnification ratio higher than that attained when LaB 1s
used. When the diamond electron emission cathode 1s so
shaped that 1t can be used as a thermal field-emission cathode
and 1nstalled 1n an electron microscope, observations of fine
configurations can be performed at a magnification ratio
higher than that attained when ZrO/W 1s used. Alternatively,
when the diamond electron emission cathode 1s so shaped that
it can be used as a field-emission cathode and installed in an
clectron microscope, observations of fine configurations can
be performed at a magnification ratio higher than that attained
when sharpened W 1s used.

The electron beam exposure device in accordance with the
present invention has installed therein the diamond electron
emission cathode or diamond electron emission source i1n
accordance with the present invention and enables the draw-
ing of fine patterns with a throughput higher than that of
clectron beam exposure devices using the conventional cath-
ode materials. When the diamond electron emission cathode
in accordance with the present mvention 1s so shaped that 1t
can be used as a thermal electron emission cathode and
installed in an electron beam exposure device, fine patterns
can be drawn with a throughput higher than that attained
when LaB, 1s used. When the diamond electron emission
cathode 1s so shaped that 1t can be used as a thermal field-
emission cathode and 1nstalled 1n an electron beam exposure
device, fine patterns can be drawn with a throughput higher
than that attained when ZrO/W 1s used.

EXAMPLES

Example 1

The diamond electron emission cathode, electron emission
source, electron microscope, and electron beam exposure
device 1 accordance with the present mvention will be
described below 1n greater detail based on Examples thereof.

The samples with numbers (1) to (23) were fabricated as
diamond electron emission cathodes. All the samples had a
s1ze 01 0.6 mmx0.6 mmx2.5 mmt and an aspect ratio of about
4.2. A single crystal p-type semiconductor diamond synthe-
sized by vapor phase growth was prepared as the second
semiconductor and shaped by laser machining and polishing.
Then, the second semiconductor was used as a substrate and
an n-type semiconductor diamond that is the first semicon-
ductor, or an intrinsic semiconductor diamond that 1s the third
semiconductor was epitaxially grown thereupon by vapor
phase growth. The p-type impurity of the p-type semiconduc-
tor diamond was boron. Single crystals with a B concentra-
tion of 4x10"” cm™ were used for all the samples. The
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samples with numbers (1), (4), (5), (8), (9), (12), (13), (16),
(17)to (23) were used to fabricate diamond electron emission

cathodes such as the cathode shown 1n FIG. 1, the samples
with numbers (2), (6), (10), (14) were used to fabricate dia-
mond electron emission cathodes such as the cathode shown

in FIG. 4, and the samples with numbers (3), (7), (11), (15)

were used to fabricate diamond electron emission cathodes
such as the cathode shown 1in FI1G. 7. The epitaxial growth was
conducted so that the concentration of carriers 1n the intrinsic
semiconductor diamond at 300 K was 1x10” cm™ orless. The
n-type impurity of the n-type semiconductor diamond was P.

For the samples with numbers (1) to (8), (17) to (23), the
n-type semiconductor diamonds were synthesized under the
same conditions, and 1n the samples with numbers (4) and (8)
in which the (111) crystal plane was the plane at the electron
emitting portion as an apex, P was doped to a high concen-
tration and a low specific resistance was obtained at 300 K.
For the samples with numbers (9) to (16), the n-type semi-
conductor diamonds were synthesized under the another
same conditions, and in samples with numbers (12) and (16)
in which the (111) crystal plane was the plane at the electron
emitting portion as an apex, P was doped to a high concen-
tration and a low specific resistance was obtained at 300 K.
The samples with numbers (1) to (4), (9) to (12), (17) to (23),
were annealed 1n the atmosphere, and hydrogen termination
at the electron emitting portions were completely removed.
The tip end curvature radius of the diamond electron emission
cathode was 30 um 1n the sample with number (17) and 40 um
in the sample with number (18). In the other samples, the
curvature radius was 10 um. All the fabricated diamond elec-
tron emission cathodes were used 1n diamond electron emis-
s10n sources having Mo support terminals (current imntroduc-
ing terminals) such as shown 1n FIG. 15, and the electron
emission characteristic and electron beam characteristic were
initially evaluated without a metal layer. Then, a metal layer
was formed from Mo, as shown 1n FIG. 13, on the diamond
clectron emission cathodes and the cathodes were evaluated
in the diamond electron emission sources with Mo support
terminals such as shown in FIG. 16. The diamond electron
emission cathodes were then provided with a metal coating as
far as the distance of 300 um from the tip end of the electron
emitting portion by using Mo, as shown 1n FIG. 14, and the
cathodes were evaluated 1n the diamond electron emission
sources with Mo support terminals such as shown 1n FI1G. 16.
For the evaluation, the diamond electron emission cathodes
were clamped with the support terminals as shown in FIG. 3,
FIG. 6, and FIG. 9. In the evaluation, the resistance between
the terminals for the diamond electron emission cathode at
the evaluation temperature was measured and then the beam
energy width, emission current value, mitial brightness, and
service life were measured. The service life was taken as an
interval 1n which the brightness decreased to 14 of the 1nitial
brightness. In the evaluation system, the degree of vacuum
was 1x107° Pa and the accelerating voltage was 15 kV. As a
comparative sample (1), a diamond electron emission cath-
ode was prepared by shaping a single crystal p-type semicon-
ductor diamond which was identical to that synthesized by
vapor phase growth and used for samples with numbers (1) to
(23) 1nto the same shape as the samples with numbers (1) to
(23) [except (17), (18)], and evaluated. As a comparative
sample (2), a diamond electron emission cathode which was
identical to the sample number (1), except that the concen-
tration of both the n-type impurities and the p-type impurities
was less than 2.0x10"> c¢cm™ was prepared and evaluated.
LaB, was also evaluated as a comparative example. The
evaluation results of the samples are shown in Table 1.
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In the samples composed of a p-type semiconductor with a
concentration of p-type impurities of 2x10"> ¢cm™ or higher
and n-type semiconductor with a concentration of n-type
impurities of 2x10" cm™ or higher, at least three properties
from among the beam energy width, emission current, mnitial 5
brightness, and service life were superior to those of LaB..
Furthermore, these samples were superior to comparative
samples (1) and (2) with respect to all the aforementioned
properties.

Diamond electron emission cathodes i1dentical to samples 10
with numbers (1) to (23), except that a single crystal p-type
semiconductor diamond synthesized by high-temperature
and high-pressure process was used as the second semicon-
ductor, were fabricated and evaluated. The inmitial brightness
in all such samples became 95 to 98%.

24

The diamond electron emission cathodes of samples with
numbers (1) to (23) were evaluated 1n the same manner as
described above after changing the material of support termi-
nals to SUS304 with a melting point of not higher than 1700
K, but the results obtained were 1dentical to those obtained by
using Mo. Furthermore, diamond electron emission sources
equipped with the diamond electron emission cathodes of
samples with numbers (1) to (23) were mounted on an elec-
tron microscope and used for observing objects of fine struc-
tures. The observations could be conducted at a magnification
ratio higher than that attained with LaB,. Furthermore, the
diamond electron emission sources were mounted on electron
beam exposure devices and electron beam exposure was per-
formed. Fine patterns could be drawn with a higher through-
put than with LaB...

TABLE 1-1
Sample number

(1) (2) (3) (4) () (6) (7) (8) 9)
Structure pn pn pin pn pn pn pin pn pn
Semiconductor of electron emitting I P 1 n | p 1 n |
portion
(III) Plane of sharpened acute section no no no yESs no no no yESs no
H termination of electron emitting portion no no no no yes yes yes yes no
n-Type impurity (P) concentration (cm™)  7.0x 10 7.0x10"® 7.0x 10'® 2.0x 10" 7.0x 10 7.0x10'® 7.0x 10" 2.0x10" 6.0x 10"
p-Type impurity (B) concentration (cm™)  4.0x 10 4.0x 10" 4.0x 10" 40x 10" 40x10Y 40x10Y 4.0x 10" 40x10"*® 40x 10"
1-Type carrier concentration (@300 K — — <10° — — — <10° — —
(cm™)
n-Type specific resistance @300 K (Qcm)  3.0x 10 3.0x10* 3.0x 10* 3.0x10° 3.0x10* 3.0x10% 3.0x10* 3.0x10° 3.0x 10°
Curvature radius of tip end (um) 10 10 10 10 10 10 10 10 10
Evaluation temperature (K) 650 650 650 6350 650 650 650 650 650
Resistance between terminals (without 1000 1000 2500 500 1000 1000 2500 500 500
metal layer) (£2)
Energy width (eV) 0.5 0.5 0.4 0.5 0.5 0.5 0.4 0.5 0.5
Emission current (pLA) 90 100 110 93 105 120 130 110 95
Initial brightness (A/cm” st) 43x10° 48x10° 53x10° 45x10° 50x10° 58x10° 6.2x10° 53x10° 4.6x 10°
Service life (hr) 14000 13000 13000 14000 13000 13000 13000 13000 13500
Resistance between terminals (with 100 100 500 50 100 100 500 50 50
metal layer) (£2)
Energy width (eV) 0.5 0.5 0.4 0.5 0.5 0.5 0.4 0.5 0.5
Emission current (LA ) 120 130 140 122 135 150 155 140 125
Initial brightness (A/cm” st) 58x 10° 62x10° 67x10° 59x10° 65x10° 72x10° 7.4x10° 6.7x10° 6.0x 10°
Service life (hr) 13000 12000 12000 13000 12000 11000 11000 12000 12500
Resistance between terminals (metal 50 50 250 20 50 50 250 20 20
coating) (£2)
Energy width (eV) 0.5 0.5 0.4 0.5 0.5 0.5 0.4 0.5 0.5
Emission current (LA ) 140 150 160 145 155 180 190 170 145
Initial brightness (A/cm?® sr) 6.7x 10° 72x10° 7.7x10° 7.0x10° 74x10° 8.6x10° 9.1x10° 82x10° 7.0x 10°
Service life (hr) 12000 11000 11000 12000 11000 10000 10000 11000 11500

Sample number
Comp.

(10) (11) (12) (13) (14) (15) (16) (1) LaBg
Structure pn pin pn pn pn pin pn p —
Semiconductor of electron emitting p 1 n | p 1 n p —
portion
(III) Plane of sharpened acute section no no yes no no no yes no —
H termination of electron emitting portion no no no yes yes yes yes no —
n-Type impurity (P) concentration (cm™) 6.0 x 10 6.0x 10" 1.2x10%° 6.0x 10" 6.0x 10 6.0x 10 1.2x 10" — —
p-Type impurity (B) concentration (cm™)  4.0x 10 4.0x 10" 4.0x 10" 4.0x 10" 4.0x 10¥ 40x 10" 4.0x 10" 4.0x 10 —
i-Type carrier concentration (@300 K — <10° — — — <10° — — —
(cm™)
n-Type specific resistance @300 K (Qcm)  3.0x 102 3.0x10% 1.0x10° 3.0x10° 3.0x10° 3.0x10° 1.0x 107 — —
Curvature radius of tip end (um) 10 10 10 10 10 10 10 10 10
Evaluation temperature (K) 650 650 650 650 650 650 650 650 1800
Resistance between terminals (without 500 1500 250 500 500 1500 250 200 2
metal layer) (£2)
Energy width (eV) 0.5 0.4 0.5 0.5 0.5 0.4 0.5 0.5 1
Emission current (pLA) 110 120 100 135 140 150 145 1 75
Initial brightness (A/cm?® sr) 53x%x10° 58x10° 48x10° 65x10° 67x10° 72x10° 7.0x10° 48x10* 7.0x10°
Service life (hr) 13000 13000 13000 12000 12000 11000 11500 — 3000
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TABLE 1-1-continued

Resistance between terminals (with metal 50 250 20 50 50 250 20 15 —
layer) (£2)

Energy width (eV) 0.5 0.4 0.5 0.5 0.5 0.4 0.5 0.5 —
Emission current (LA) 140 150 130 155 160 170 165 1 —
Initial brightness (A/cm? sr) 6.7x10° 7.2x10° 6.2x10° 7.4x10° 7.7x10° 82x10° 79x10° 4.8x 10% —
Service life (hr) 12000 11500 12000 11000 11000 11000 10000 — —
Resistance between terminals (metal 20 120 10 20 20 120 10 5 —
coating) (£2)

Energy width (eV) 0.5 0.4 0.5 0.6 0.5 0.4 0.5 0.5 —
Emission current (LA) 170 180 150 185 190 200 195 1 -
Initial brightness (A/em? st) 8.2x 10° 8.6x10° 72x10° 89x10° 9.1x10° 96x10° 94x10° 48x10% —
Service life (hr) 11000 10000 11000 10000 10000 10000 10000 — —

TABLE 1-2

Sample number

(17) (18) (19) (29) (21) (22) (23) Comp. (2)
Structure pn pn pn pn pn pn pn pn
Semiconductor of electron emitting n n | n n | n n
portion
(III) Plane of sharpened acute section no no no no no no no no
H termination of electron emitting no no no no 1no no no no
portion
n-Type impurity (P) concentration (cm™) 7.0x 10  7.0x10%® 7.0x10® 70x10% 70x 10  7.0x 108  2.0x 10 <2.0x 101"
p-Type impurity (B) concentration (cm™) 40x%x101%  40x10P 40x10Y 40x10¥ 40x10"¥ 40x10 20x10° <2.0x10%°
i-Type carrier concentration @300 K (em™) — — — — — — — —
n-Type specific resistance @300 K (Qcm) 3.0x10*  3.0x10* 3.0x10* 30x10* 30x10* 3.0x10* 20x10° 2.0x 10°
Curvature radius of tip end (um) 30 40 10 10 10 10 10 10
Evaluation temperature (K) 650 650 400 300 1200 1300 1200 1200
Resistance between terminals (without 1000 1000 1000 1000 100 100 1000 5000
metal layer) (£2)
Energy width (eV) 0.5 0.6 0.4 0.4 0.6 0.6 0.6 —
Emission current (LA) 100 120 80 50 300 320 80 0
Initial brightness (A/cm? sr) 1.5%x10°  50x10° 38x10° 24x10° 14x10° 15x107 3.8x10° 0
Service life (hr) 15000 16000 15000 18000 3500 2500 4000 —
Resistance between terminals (with metal 100 100 100 100 100 100 500 500
layer) (£2)
Energy width (eV) 0.5 0.6 0.4 0.4 0.6 0.6 0.6 —
Emuission current (LLA) 110 130 90 60 300 320 85 0
Initial brightness (A/ecm? st) 1.7x10°  354x10° 43x10° 29x10° 1.4x 107 15%x107 4.0x10° 0
Service life (hr) 14000 15000 14000 17000 3500 2500 3500 —
Resistance between terminals (metal 50 50 50 50 100 100 300 300
coating) (£2)
Energy width (eV) 0.5 0.6 0.4 0.4 0.6 0.6 0.6 —
Emuission current (LA) 120 140 100 70 300 320 90 0
Initial brightness (A/cm? sr) 1.8x10°  58x10° 48x10° 34x10° 14x10" 15x107 43x10° 0
Service life (hr) 13000 14000 13000 16000 3500 2500 3500 —

Example 2

The samples with numbers (24) to (46) were fabricated as
diamond electron emission cathodes. All the samples had a
s1ze o1 0.6 mmx0.6 mmx2.5 mmt and an aspect ratio of about
4.2. A single crystal p-type semiconductor diamond synthe-
sized by vapor phase growth was prepared as the second
semiconductor and shaped by laser machining and polishing.
Then, the second semiconductor was used as a substrate and
an n-type semiconductor diamond that 1s the first semicon-
ductor, or an intrinsic semiconductor diamond that 1s the third
semiconductor was epitaxially grown thereupon by vapor
phase growth. The p-type impurity of the p-type semiconduc-
tor diamond was B. Single crystals with a B concentration of

4x10" cm™ were used for all the samples. The samples with
numbers (24), (27), (28), (31), (32), (35), (36), (39), (40) to
(46) were used to fabricate diamond electron emission cath-
odes such as the cathode shown 1n FIG. 1, the samples with
numbers (25), (29), (33), (37) were used to fabricate diamond

electron emission cathodes such as the cathode shown in FIG.
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4, and the samples with numbers (26), (30), (34), (38) were

used to fabricate diamond electron emission cathodes such as
the cathode shown 1n FIG. 7. The epitaxial growth was con-
ducted so that the concentration of carriers 1n the intrinsic
semiconductor diamond at 300 K was 1x10” cm™ or less. The
n-type impurity of the n-type semiconductor diamond was P.
For the samples with numbers (24) to (31), (40) to (46), the
n-type semiconductor diamonds were synthesized under the
same conditions, and in the samples with numbers (27) and
(31) 1n which the (111) crystal plane was the plane at the
clectron emitting portion as an apex, P was doped to a high
concentration and a low specific resistance was obtained at
300 K. For the samples with numbers (32) to (39), the n-type
semiconductor diamonds were synthesized under the another
same conditions, and in samples with numbers (35) and (39)
in which the (111) crystal plane was the plane at the electron
emitting portion as an apex, P was doped to a high concen-
tration and a low specific resistance was obtained at 300 K.

Then, a protruding structure such as shown in FIG. 12 was
formed by subjecting the electron emitting portion of the
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samples with numbers (24) to (46) to FIB processing. The
protruding structure with a tip end diameter of 1 um, a height
ol 3 um, and an aspectratio of 3 was formed for all the sample,
except the samples with numbers (40), (41). The sample

28

the same shape as the samples with numbers (24) to (46)
[except (40), (41)], and evaluated. As a comparative sample
(4), a diamond electron emission cathode which was identical
to the sample number (24), except that the concentration of

number (40) had protruding structure with a tip end diameter 5 poth the n-type impurities and the p-type impurities was less
Of_5 L, and the‘sample number (41) had protruding structure than 2.0x10"> cm™ was prepared, and evaluated. ZrO/W was
with a tip end diameter of 7 pm. also evaluated as a comparative example. The evaluation

In the sal%lp.les w1th numbers (28).‘[0 (31), (36) to (39), the results of the samples are shown in Table 2.
clectron emitting portions were terminated with hydrogen by _ ,
treating the samples with hydrogen plasma. All the fabricated 10 In the samples COIIlpO?Bd of.a.p -type Sem}‘;‘md}lf tor u_mh .
diamond electron emission cathodes were used in diamond concentration ofp-type tmpurities o1 2x10 “or higher
clectron emission sources having Mo support terminals (cur- :‘-;md n-type Semlcﬂgd‘l"f‘gf Wl‘fh a concentration of n-type
rent introducing terminals) such as shown 1n FIG. 15, and the impurities 0f 2x10™ em™ or mgher, at 1ea.st three pr operties
clectron emission characteristic and electron beam character- Ir Ol AOIE the beapl chelgy width, emission current, nitial
1stic were 1nitially evaluated without a metal layer. Then, a 15 brightness, and service lite were superior to those ot ZrO/W '
metal layer was formed by Mo, as shown in FIG. 13, on the Furthermore, these samples were superior to comparative
diamond electron emission cathodes and the cathodes were sampleg (3) and (4) with respect to all the atorementioned
evaluated 1n the diamond electron emission sources with Mo properties.
support terminals such as shown in FIG. 16. The diamond Diamond electron emission cathodes 1dentical to samples
clectron emission cathodes were then provided with a metal 20 with numbers (24) to (46), except that a single crystal p-type
coating as far as the distance of 300 pm from the tip end of the semiconductor diamond synthesized by high-temperature
clectron emitting portion by using Mo, as shown 1n FI1G. 14, and high-pressure process was used as the second semicon-
and the cathodes were evaluated in the diamond electron ductor, were fabricated and evaluated. The 1nitial brightness
emission sources with Mo support terminals such as shown 1n 1n all such samples became 95 to 98%.
FIG. 16. For the evaluation, the diamond electron emission 25  The diamond electron emission cathodes of samples with
cathodes were clamped with the support terminals as shown numbers (24) to (46) were evaluated 1n the same manner as
in FIG. 3, FIG. 6, and FIG. 9. In the evaluation, the resistance described above after changing the material of support termi-
between the terminals for the diamond electron emission nals to SUS304 with a melting point of not higher than 1700
cathode at the evaluation temperature was measured and then K, but the results obtained were 1dentical to those obtained by
the beam energy width, emission current value, mitial bright- 30 using Mo. Furthermore, electron emission sources equipped
ness, and service life were measured. The service life was with the diamond electron emission cathodes of samples with
taken as an interval 1n which the brightness decreased to 14 of numbers (24) to (46) were mounted on an electron micro-
the 1nitial brightness. In the evaluation system, the degree of scope and used for observing objects of fine structures. The
vacuum was 1x1077 Pa, the extracting voltage was 3 kV, and observations could be conducted at a magnification ratio
the accelerating voltage was 15 kV. As a comparative sample 35 higher than that attained with ZrO/W. Furthermore, the dia-
(3), a diamond electron emission cathode was prepared by mond electron emission sources were mounted on electron
shaping a single crystal p-type semiconductor diamond beam exposure devices and electron beam exposure was per-
which was identical to that synthesized by vapor phase formed. Fine patterns could be drawn with a higher through-
growth and used for samples with numbers (24) to (46) into put than with LaB..

TABLE 2-1
Sample number
(24) (25) (26) (27) (28) (29) (30) (31) (32)

Structure pn pn pin pn pn pn pin pn pn

Semiconductor of electron emitting I p 1 n | p 1 n |

portion

(III) Plane of sharpened acute section no no no yes no no no yes no

H termination of electron emitting no no no no Ves yes Ves yes no

portion

n-Type impurity (P) concentration 7.0x 10 7.0x 10" 7.0x 10" 2.0x10"” 7.0x 10" 7.0x10" 7.0x 10" 2.0x10"” 6.0x 10"

CIT1

;—Tyg'z: impurity (B) concentration 4.0x 1017 4.0x 10" 4.0x 10" 4.0x10!° 4.0x10Y 4.0x10Y 4.0x 10" 4.0x10"¥ 4.0x 10%

CIT1

i(—TypE:) carrier concentration (@300 K — — <10° — — — <10° — —

(cm™)

n-Type specific resistance @300 K 3.0x 10* 3.0x10% 3.0x10* 3.0x10° 3.0x10* 3.0x10* 3.0x10* 3.0x10° 3.0x 107

(€2cm)

Tip end diameter (um) 1 1 1 1 1 1 1 1 1

Evaluation temperature (K) 650 650 650 650 650 650 650 650 650

Resistance between terminals (without 1000 1000 2500 500 1000 1000 2500 500 500

metal layer) (£2)

Energy width (eV) 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2

Emission current (LA ) 250 270 280 253 275 290 300 280 260

Initial brightness (A/em” st) 1.3x10° 14x10° 15x10° 13x10° 14x10° 15x10° 1.6x10° 135x10° 1.4x10°

Service life (hr) 12000 11000 11000 12000 11000 11000 10000 11000 12000

Resistance between terminals (with 100 100 500 50 100 100 500 50 50

metal layer) (£2)

Energy width (eV) 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2
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TABLE 2-1-continued
Emission current ([LA) 280 290 300 285 295 310 320 300 285
Initial brightness (A/ecm? st) 1.5x10° 15x10° 1.6x10° 15x10% 15x10° 1.6x10% 1.7x10° 1.6x10° 1.5x10°
Service life (hr) 11000 11000 10000 11000 11000 10000 10000 10000 11000
Resistance between terminals (metal 50 50 250 20 50 50 250 20 20
coating) (£2)
Energy width (eV) 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2
Emission current (LA) 300 310 320 305 320 345 355 330 305
Initial brightness (A/em® sr) 1.6x10° 1.6x10° 1.7x10° 1.6x10° 1.7x10° 18x10° 18x10° 1.7x10° 1.6x 10°
Service life (hr) 10000 10000 10000 10000 10000 10000 10000 10000 10000
Sample number
Comp.

(33) (34) (35) (36) (37) (38) (39) (3) Z1/W
Structure pn pin pn pn pn pin pn D —
Semiconductor of electron emitting p 1 n n p 1 | P —
portion
(III) Plane of sharpened acute section no no yes no no no yes no —
H termination of electron emitting no no no yes yes yes yes no —
portion
n-Type impurity (P) concentration 6.0x 101 6.0x 10 1.2x10%° 6.0x 10Y¥ 6.0x10% 6.0x 10 1.2x10%° — —
(cm™)
p-Type impurity (B) concentration 40x 10" 40x 10 40x10'" 40x 10" 40x 10" 4.0x10¥ 40x10" 4.0x 10" —
(cm™)
1- Type carrier concentration @300 K — <10 — — — <10 — — —
(cm™)
n-Type specific resistance @300 K (Qcm)  3.0x 10° 3.0x 10° 1.0x10° 3.0x 10° 3.0x10° 3.0x10* 1.0x 10° — —
Tip end diameter (um) 1 1 1 1 1 1 1 1 1
Evaluation temperature (K) 650 650 650 650 650 650 650 650 1800
Resistance between terminals (without 500 1500 250 500 500 1500 250 200 1
metal layer) (£2)
Energy width (eV) 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.5
Emission current ([LA) 280 290 270 295 300 315 310 1 150
Initial brightness (A/cm? sr) 1.5%x10° 1.5%x10° 14x10° 15x10° 1.6x10° 1.6x10° 1.6x10° 50x10° 4.1x10’
Service life (hr) 11000 11000 11000 11000 10000 10000 10000 — 6000
Resistance between terminals (with 50 250 20 50 50 250 20 10 —
metal layer) (£2)
Energy width (eV) 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 —
Emuission current (LLA) 300 310 290 320 325 340 330 1 —
Initial brightness (A/cm? sr) 1.6x10° 1.6x10° 15x10° 1.7x10° 1.7x10° 1.8x10° 1.7x10° 5.0x10° —
Service life (hr) 10000 10000 11000 10000 10000 10000 10000 — —
Resistance between terminals (metal 20 120 10 20 20 120 10 5 —
coating) (£2)
Energy width (eV) 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 —
Emuission current (LA) 330 345 310 350 355 370 360 1 —
Initial brightness (A/cm? sr) 1.7x10° 1.8x10° 1.6x10° 18x10° 1.8x10° 19x10° 19x10° 5.0x10° —
Service life (hr) 10000 10000 10000 10000 10000 10000 10000 — —

TABLE 2-2
Sample number

(40) (41) (42) (43) (44) (45) (46) Comp. (4)
Structure pn pn pn pn pn pn pn pn
Semiconductor of electron emitting I | n | | | | n
portion
(III) Plane of sharpened acute section no no no no no no no no
H termination of electron emitting no no no no no no no no
portion
n-Type impurity (P) concentration (cm™)  7.0x 101® 7.0x 10 7.0x 10 7.0x10®  70x10¥%  70x10® 20x10'" <2.0x10%°
p-Type impurity (B) concentration (cm™)  4.0x 10 4.0x 10 4.0x 10" 40x10" 40x10"* 40x10Y¥ 20x10" <20x10%
i-Type carrier concentration @300 K — — — — — — — —
(cm™)
n-Type specific resistance @300 K (Qcm)  3.0x 10 3.0x 10* 3.0x10*  3.0x10* 3.0 x 10* 3.0 x 10% 2.0 x 10° 2.0 x 10°
Tip end diameter (um) 5 7 1 1 1 1 1 1
Evaluation temperature (K) 650 650 400 300 1200 1300 1200 1200
Resistance between terminals (without 1000 1000 1000 1000 100 100 1000 5000
metal layer) (£2)
Energy width (eV) 0.3 0.3 0.2 0.2 0.4 0.4 0.4 —
Emuission current (LLA) 230 200 190 130 500 510 230 0
Initial brightness (A/ecm? st) 78x 107 23x107 99x107 6.8x107 2.6 x 10° 2.9 x 10° 1.2 x 108 0
Service life (hr) 13000 14000 13000 14000 6500 4500 7000 —
Resistance between terminals (with 100 100 100 100 100 100 500 500

metal layer) (£2)
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TABLE 2-2-continued

Sample number

40 @) @)
Energy width (eV) 0.3 0.3 0.2
Emission current (LA) 240 210 200
Initial brightness (A/ecm? st) 8.1 x 10" 24x107 1.0x10°
Service life (hr) 12000 13000 13000
Resistance between terminals (metal 50 50 50
coating) (£2)

Energy width (eV) 0.3 0.3 0.2
Emission current (LA) 250 220 210
Initial brightness (A/em? st) 8.5x 107 25x107 1.1x10°
Service life (hr) 11000 12000 13000

As follows from the above-described examples; the dia-
mond electron emission cathode and electron emission
source 1n accordance with the present invention have a high
brightness and a narrow energy width and, therefore, can be
advantageously used 1n electron ray and electron beam
devices such as electron microscopes and electron beam
exposure devices and vacuum tubes such as traveling wave
tubes and microwave tubes. Furthermore, electron micro-
scopes using such diamond electron emission cathode and
clectron emission source 1n accordance with the present
invention enable high magnification observations, and the
clectron beam exposure devices allow fine patterns to be
drawn with a high throughput. It goes without saying, that the
diamond electron emission cathode and electron emission
source 1n accordance with the present invention are suitable
tor devices of all types using electron beams, such as electron
beam analyzers, accelerators, electron beam 1rradiation
devices for sterilization, X-ray generators, irradiation devices
for resins, and electron beam heating devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 15 a perspective view illustrating an example of the
diamond electron emission cathode 1n accordance with the
present invention;

FI1G. 2 15 a three-plane view of the diamond electron emis-
sion cathode shown in FI1G. 1. FIG. 2(a) 1s a plan view, (b) 1s
a front view, and (¢) 1s a right side view;

FIG. 3(a) 1s a bottom view of a structure in which the
diamond electron emission cathode shown i FIG. 1 1s sand-
wiched between a pair of current introducing terminals, 3B 1s
a rear surface view thereof;

FI1G. 4 1s a perspective view 1llustrating another example of
the diamond electron emission cathode 1n accordance with

the present invention;

FIG. 5 1s a three-plane view of the diamond electron emis-
sion cathode shown in FI1G. 4. FIG. 5(a) 1s a plan view, (b) 1s
a Tront view, and (¢) 1s a night side view;

FIG. 6{(a) 1s a bottom view of a structure in which the
diamond electron emission cathode shown m FIG. 4 1s sand-
wiched between a pair of current introducing terminals, () 1s
a rear surface view thereof;

FIG. 7 1s a perspective view 1llustrating yet another
example of the diamond electron emission cathode 1n accor-
dance with the present invention;

FI1G. 8 15 a three-plane view of the diamond electron emis-
sion cathode shown 1n FI1G. 7. FIG. 8(a) 1s a plan view, (b) 1s
a front view, and (¢) 1s a right side view;
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(43) (44) (45) (46) Comp. (4)
0.2 0.4 0.4 0.4 —
140 500 510 235 0
7.3 x 107 2.6 x 108 2.9 x 10° 1.2 x 10° 0
14000 6500 4500 7000 —
50 100 100 300 300
0.2 0.4 0.4 0.4 —
145 500 510 240 0
7.6 x 107 2.6 x 10° 2.9 % 10° 1.2 x 10° 0
14000 6500 4500 7000 —

FIG. 9(a) 1s a bottom view of a structure in which the
diamond electron emission cathode shown 1n FIG. 7 1s sand-
wiched between a pair of current introducing electrodes, (b) 1s
a rear surface view thereof;

FIG. 10 1s a three-plane view illustrating an example of the
shape of the electron emitting portion;

FIG. 11 1s a three-plane view 1llustrating another example
of the shape of the electron emitting portion;

FIG. 12 1s a perspective view 1llustrating yet another
example of the diamond electron emission cathode 1n accor-
dance with the present invention;

FIG. 13 1s a three-plane view 1illustrating yet another
example of the diamond electron emission cathode 1n accor-
dance with the present invention;

FIG. 14 1s a three-plane view 1illustrating yet another
example of the diamond electron emission cathode 1n accor-
dance with the present invention;

FIG. 15 1s a cross-sectional view 1llustrating an example of
the diamond electron emission source 1n accordance with the
present invention;

FIG. 16 1s a cross-sectional view of another diamond elec-
tron emission source in accordance with the present mven-
tion;

FIG. 17 shows a photo 1llustrating an example of a pattern
of emitted electrons; and

FIG. 18 1s a graph shows the results obtained in energy
analysis of an electron beam emitted from the diamond elec-
tron emission cathode.

EXPLANATION OF REFERENCE SYMBOLS

10, 30, 50,120, 130: diamond electron emission cathode
11, 31, 51: n-type semiconductor
12, 32, 52: p-type semiconductor diamond

13, 33, 54, 112: clectron emitting portion
14, 34, 55,101, 111: heating section

15, 35, 56: junction surface

20, 40, 60: current introducing terminal
53: intrinsic semiconductor diamond

71, 81, 91: sharpened acute section
92: protruding structure

102: metal layer

113: metal coating

121, 131: msulating ceramic

122, 132: a pair of support terminals

The invention claimed 1s:
1. A diamond electron emission cathode having single
crystal diamond 1n at least part thereof, wherein:
said diamond electron emission cathode has a columnar
shape formed by a sharpened acute section and a heating,
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section, 1s provided with one electron emitting portion in
said sharpened acute section, and 1s constituted by at
least two types of semiconductors that differ in electric
properties,

one of the at least two types of the semiconductors 1s an

n-type semiconductor comprising n-type impurities at
2x10" c¢cm™ or higher, another of the at least two types
1s a p-type semiconductor comprising p-type impurities
at 2x10"° cm™ or higher,

the p-type semiconductor and the n-type semiconductor

are joined together,

the heating section 1s energized parallel to a junction sur-

face of the p-type semiconductor and the n-type semi-
conductor and directly heated by a pair of current intro-
ducing terminals, and

some of introduced electrons are emitted from said elec-

tron emitting portion.

2. The diamond electron emission cathode according to
claim 1, wherein said electron emitting portion 1s formed by
said n-type semiconductor.

3. The diamond electron emission cathode according to
claim 1, wherein said electron emitting portion 1s formed by
said p-type semiconductor.

4. The diamond electron emission cathode according to
claim 1, wherein said n-type semiconductor and said p-type
semiconductor are joined via an intrinsic semiconductor with
a carrier concentration of 1x10” cm™ or less and some of the
introduced electrons are emitted from said electron emitting
portion formed by said intrinsic semiconductor.

5. The diamond electron emission cathode according to
claam 4, wherein said p-type semiconductor comprises a
single crystal synthesized by vapor phase growth, and said
n-type semiconductor and said intrinsic semiconductor are
formed by a thin-film crystal synthesized by vapor phase
growth.

6. The diamond electron emission cathode according to
claam 1, wheremn said p-type semiconductor comprises a
single crystal synthesized by vapor phase growth, and said
n-type semiconductor 1s formed by a thin-film crystal synthe-
s1zed by vapor phase growth.

7. The diamond electron emission cathode according to
claim 1, wherein the length 1n the short side direction of said
diamond electron emission cathode 1s 0.05 mm or more to 2
mm or less, and the aspect ratio 1s 1 or more.

8. The diamond electron emission cathode according to
claim 1, wherein at least one plane of planes which constitute
the electron emitting portion as an apex in said sharpened
acute section, 1s formed by a (111) crystal plane including
off-planes within £7° from the (111) just plane.

9. The diamond electron emission cathode according to
claim 1, wherein a surface of the diamond constituting said
clectron emitting portion 1s terminated with hydrogen atoms.

10. The diamond electron emission cathode according to
claim 1, wherein a specific resistance of said n-type semicon-
ductor at 300 K 1s 300 2cm or less.

11. The diamond electron emission cathode according to
claim 1, wherein a tip end radius or a tip end curvature radius
ol said sharpened acute section 1s 30 um or less.

12. The diamond electron emission cathode according to
claim 1, wherein said electron emitting portion has a protrud-
ing structure, the tip end diameter of the protruding structure
1s 5 um or less, and the aspect ratio 1s 2 or more.
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13. The diamond electron emission cathode according to
claim 1, wherein a temperature during electron emission from
said electron emitting portion 1s 400 K or more to 1200 K or
less.

14. The diamond electron emission cathode according to
claim 1, wherein an electron beam with an energy width 01 0.6
eV or less 1s emitted from said electron emitting portion.

15. The diamond electron emission cathode according to
claim 1, wherein said heating section has a metal layer.

16. A diamond electron emission source having a structure
comprising the diamond electron emission cathode according
to claim 15, an 1nsulating ceramic, and a pair of terminals for
supplying an electric current to said diamond electron emis-
sion cathode,

wherein a resistance value between the terminals 1s 10£2 or

more to 700€2 or less.

17. The diamond electron emission source according to
claim 16, wherein said pair of terminals have a melting point
of 1700 K or less.

18. An electron microscope equipped with the diamond
clectron emission source according to claim 16.

19. An electron beam exposure device equipped with the
diamond electron emission source according to claim 16.

20. The diamond electron emission cathode according to
claim 1, wherein a surface of said diamond electron emission
cathode 1s coated with a metal layer, and the shortest distance
from said electron emitting portion to an end portion of the
metal layer 1s 500 um or less.

21. A diamond electron emission source having a structure
comprising the diamond electron emission cathode according
to claim 1, an 1nsulating ceramic, and a pair of terminals for
supplying an electric current to said diamond electron emis-
sion cathode,

wherein a resistance value between the terminals 15 10£2 or

more to 3 k€2 or less.

22. The diamond electron emission source according to
claim 21, wherein said pair of terminals have a melting point
of 1700 K or less.

23. An electron microscope equipped with the diamond
clectron emission source according to claim 21.

24. An electron beam exposure device equipped with the
diamond electron emission source according to claim 21.

25. A diamond electron emission source having a structure
comprising the diamond electron emission cathode according
to claim 1, an insulating ceramic, and a pair of support termi-
nals that clamp said diamond electron emission cathode, fix
the cathode to said insulating ceramic, and supply an electric
current to said diamond electron emission cathode,

wherein said support terminals are 1n direct contact with

said diamond electron emission cathode.

26. The diamond electron emission source according to
claim 25, wherein said pair of support terminals have a melt-
ing point of 1700 K or less.

27. An electron microscope equipped with the diamond
clectron emission source according to claim 25.

28. An electron beam exposure device equipped with the
diamond electron emission source according to claim 25.

29. An electron microscope equipped with the diamond
clectron emission cathode according to claim 1.

30. An electron beam exposure device equipped with the
diamond electron emission cathode according to claim 1.
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